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ABSTRACT Disinfection is a major component of water treatment, the final step in a strict treatment regime to convert water to a potable form for consumers worldwide. While drinking water sources are heavily regulated, recycled waters currently have limited use, primarily in agriculture and industry, and are kept away from possible human contact. However, with an ever-increasing global population and concomitant increase in demand for potable water, there is increasing pressure and incentive for recycled water to be used to augment water supplies. This is a potential problem since disinfection of organic rich water, such as recycled water, can lead to the formation of disinfection by-products (DBPs), of which over 600 compounds have currently been identified. Due to limited regulations on recycled waters, there are few occurrence studies on DBPs in recycled waters and fewer optimized methods for DBP analysis in such matrices. The work presented in this thesis explores and develops analytical capabilities for the analysis of DBPs. The focus of the work in this thesis, studies novel extraction techniques and analysis methods using chromatography and mass spectrometry. Emphasising fast and effective analysis with minimal sample preparation prior to analysis.  The work outlined in this thesis was built using DBPs of three classes: trihalomethanes (THMs), haloacetic acids (HAAs) and nitrosamines. Methods were developed on a range of instrumentation and optimised to suit the different compound classes. Analysis of multiple compound classes in a single analytical method was utilised where possible. As there are no enforced regulations for DBPs in Australian treated recycled waters, compounds were selected from those regulated in drinking water so as to be able to compare occurrence data between recycled waters and drinking waters. Previous studies on DBPs in recycled waters in Australia and the rest of the world are scarce, with the only source of occurrence data for recent years in Melbourne being provided by water companies in their annual reports. Such reposts only show the levels of DBPs are below the regulatory limit, they do not report the actual amounts found. Although not a new technique solid phase extraction (SPE) appears in many methods for the analysis of DBPs. Such methods are often very old usually require filtration of large volumes to allow suitable sample filtration and pre-concentration. A novel SPE cartridge was brought to market in 2014, which reduced the sorbent mass needed and allowed for a sample to be extracted via a cartridge attached to the end of a syringe. Aptly named micro solid phase extraction, this technique allows much smaller sample volumes to be extracted, reducing sample preparation time and sample/solvent waste. Standard solid phase extraction was compared to micro solid phase extraction for the analysis of trihalomethanes in recycled waters. The results showed an increased recovery for these highly volatile compounds along with drastically reduced sample preparation steps, achieving much higher sample throughput and extraction reliability when using micro solid phase extraction cartridges.  
VII 
 
Headspace techniques for the analysis of DBPs, often involve the use of specific sorbents, using a technique called solid phase micro-extraction. For this work direct headspace analysis was used to bypass the need for a specific sorbent to extract the DBPs, relying on volatility instead of sorbent affinity. This gave the benefits of solid phase micro-extraction, but with the extra the capability to run samples without any preparation steps. Through the development of this method, I was able to optimise a direct headspace injection to analyse for THMs in samples, with no pre-treatment and minimal preparation. This method was then used to undertake a survey on drinking water from around Melbourne and a selection of recycled waters direct from treatment plants and inner-city fountains. This study provided occurrence data on THMs in Melbourne waters.  Two classes of DBP, the Nitrosamines and HAAs, generally require either large volume extractions for pre-concentration, or derivatization methods that often show poor reproducibility. With advancements in liquid chromatography instrumentation, there was potential seen to improve available methods for these compound classes. For this work, positive-negative switching was used to analyse both of these very different compound classes in a single separation using multi-reaction monitoring to differentiate between overlapping peaks. The method achieved detection of 11 commonly occurring species from the two classes, all of which are DBPs, in only six minutes. The samples analysed were neat water samples, with the only pre-treatment, being a few minutes for sedimentation (to avoid column blockages) and no pre-concentration. The observed detection limits were at parts per trillion levels. This method was able to rapidly complete both qualitative and quantitative analysis on samples that would otherwise have required hours to prepare for typical analysis methods.  This research involved the development of multiple methods for the analysis of DBPs that can, and were, applied to both drinking and recycled waters. With further development, any of the methods displayed in this thesis can be enhanced to include a wider suite of compounds as needed in the event regulations for more DBPs are enforced. With the increasing list of observed DBPs and the increasing need for alternate water sources, DBP occurrence data is a must have moving forward. Faster methods are needed to keep up with demand and thus rapidity and ease of methods were the main criteria when optimizing and developing the analytical methods documented in this thesis.  Overall, this study helps to increase our knowledge in DBP analytical method development and occurrence. The knowledge out of this project is likely to be of benefit to those interested in the environment such as the water industry, government regulators and the general public. 
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Chapter 1 Introduction 
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1. Background 
All roads lead to Rome. Sure enough, if we trace water treatment back to the beginning, we find its conception with the Roman Empire. While they didn’t have water treatment as we do in modern day, nor did they treat their water to any great extent, they did have the need for a constant supply of clean water. With a bustling population (for the time), that was ever increasing, the ratio between clean water and contaminated water was always in favour of contaminated water. This led to the invention of the aqueducts which Rome is famous for, the remnants of which can still be seen today, which were used to bring clean water in from distances, as reservoirs and groundwater were no longer sustainable. With the success of the aqueducts, a new problem arose in the form of excess contaminated water which could no longer be fed into existing water supplies close by, leading to the invention of a sewage system. Although both systems were primitive, they are the basis of future advancements in water treatment. However, much of this technology was lost with the downfall of the Roman Empire only to be revived over a millennium later, during the Industrial Age, when once again populations reached numbers requiring alternate sources of clean water. As populations continued to rise, so did the amount of sewage input into clean water sources, leading to the implementation of rudimentary filtration systems, before delivering water to the masses 1. Ever since, the nature of water treatment has continued evolving to what we now know, and it will continue evolving as a need for a sustainable water source is needed with skyrocketing global populations.  
Modern day water treatment incorporates a variety of different methods to reach a final product to be distributed, whether it be potable or recycled water. Treatment is 
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performed on both pristine waters, to make potable water for distribution, and on waste water for reuse in low human contact areas such as in the agricultural and industrial sector 2. Early water treatment was most composed of filtration, and while filtration is still used today during the treatment process, it is now only a small part of the overall treatment process. Common techniques for water treatment have led to a three-stage treatment process 3: 
- Primary treatment composes the major physical treatment of the influent water, often including heavy filtration through a series of different filters. These include, but not limited to, larger grates to remove solid waste or plant litter, to charcoal beds for the removal/reduction in odour. Each physical process is used to aid in the treatment of a specific factor.  
- Secondary treatment composes the major biological treatment, which is usually performed in two stages. These two stages are aerobic and anaerobic digestion, where bacteria is then used to breakdown organic components present in the water. This stage is very important for wastewater treatment due to the higher organic content present. It is also undertaken for potable water, but the extent of the treatment is much less.  
- Tertiary treatment composes the major chemical treatment and is the final stage before distribution or storage. The chemical treatment is mainly completed using chemical disinfection procedures, by pairing it with ultraviolet (UV) disinfection and extended holding times in natural sunlight to allow adequate disinfection. Likewise, disinfectant doses are also added during distribution to avoid contamination before reaching end use. 
3
Although the process of water treatment has been standard for decades, the actual process varies greatly between different countries, with each working towards treating their product to the guidelines assigned in their countries. However, water treatment is constantly being studied and refined to improve efficiency and sustainability, the most common aspect undergoing change being the chemical disinfection process.  
Disinfection is an integral component of modern water treatment,  performed daily on large volumes (gigalitres) of water around the world. Treating both drinking and, increasingly, wastewater for use/reuse; especially for the use of recycled waters in agriculture to supplement current supplies 4, 5. Common disinfection agents include chlorine, ozone, chlorine dioxide, and chloramines 6. During treatment, reactions can occur between the chemical treatment agents and naturally occurring organic matter (e.g. humic acid), inorganic matter and anthropogenic contaminants such as bromide, and iodide in the source water 7. This can result in the formation of what are termed disinfection by products (DBPs), such as trihalomethanes and haloacetic acids. These compounds may be toxic and their presence in water is potentially harmful to human health 8. 
1.1. Disinfection by-products 
Disinfection by-products (DBPs) are interesting as they are rarely present in the source water, since they are created during the disinfection step (assuming chemical disinfection rather than UV irradiation is used). Chemical disinfection usually involves one of three processes: chlorination, chloramination or ozonation 9; with common practice being to 
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use a mixture of two or more of these methods, although chlorination is the most commonly used technique 10.  
The types of DBPs formed are generally highly halogenated (mostly chlorinated) species with the most commonly observed being trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles (HANs) and haloketones (HKs) 11. Interestingly this is not a new problem, with the first qualitative detections in  chlorinated waters completed early in the 1970s by Rook et al 12. This analysis was shortly followed by experiments undertaking the quantification of THMs and other DBPs in source waters, providing further evidence of their presence in drinking water 13.  
Research on DBPs in drinking waters has continued to the present day and a large amount has been learnt about the nature of the substances and their formation during drinking water treatment 7. There has however, been a comparative lack in the research on the presence of DBPs in alternate sources such as wastewater 14. This is mostly due to a lack of perceived need for this information, due to reduced human contact with such waters. The limited amount of research undertaken on recycled waters has focussed on more persistent compounds (i.e. PCPs and PAHs) as opposed to the common DBPs 14, 15. 
There is a desire to increase the reuse of wastewater for purposes other than those for which it is currently used (e.g. agriculture). This is somewhat tempered by the overlying stigma that wastewater, is ‘dirty’ due to its origin, even though most wastewater is treated chemically and biologically to similar standards as drinking water 16, 5, 17. Since wastewaters tend to contain more organic material than drinking waters however, their disinfection can produce a correspondingly greater amount of DBPs 14 many of which are unregulated 18. Even in the cases where there are defined guidelines, these are limited to most commonly occurring compounds (only 11 DBPs are currently monitored in drinking 
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waters), with no relevant guidelines for DBP concentrations in waste and recycled waters. Regulations based on current knowledge, however still require further study to understand any possible toxicity and effect they may have when in contact with the general population 19. 
Due to public health concerns that arise from the known/believed toxicity of many DBPs most of the research has been focussed on potable water, specifically water distributed as drinking water 18. Much effort has been put towards the preparation and formation of water quality guidelines to ensure safe drinking water supplies and this has resulted in a large amount of occurrence and toxicity data on DBPs in potable water. In recent years however, there has been on increased interest in i) the disinfection of wastewater and ii) a greater need for water recycling and reuse in urban areas. This is especially important in drought prone countries such as Australia 20. This has resulted in a concomitant increase in research on DBP formation and occurrence in waste and recycled waters. A wide variety of papers have been published focusing on toxicology studies, analytical method development and the occurrence, formation and degradation, and environmental effects 21. The uniting aim of this work is to ensure recycled water is safe for reuse in a wide variety of areas instead of being relegated to minor irrigation and industrial processes. Despite the move to wastewater analysis however, there is still much to be done for coverage of this topic to be comparable to that of drinking water 22.  
With the increase in formation of DBPs, along with identification and classification of new compounds as DBPs, there are currently greater than 600 compounds that are listed as being formed during the disinfection of drinking, recycled and waste waters 23. Of these, fewer than 100 compounds have undergone quantitative research and health  
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Table 1. DBP compounds and examples of compound characteristics. 
Compound 
Mw 
(g/mol) 
Boiling 
point (oC) 
Kovats 
indices 
Log 
Kow Trichloromethane 119.38 60.5-61.5 613.2/615.5 1.97 Bromodichloromethane 163.83 87-89 703/706 2 Dibromochloromethane 208.28 115-118 791.1/818 2.16 Tribromomethane 252.73 148-150 892.1 2.3 Bromochloroiodomethane 255.28 157.4±8 2.11 Dichloroiodomethane 210.829 128±0.2 2.03 Dibromoiodomethane 299.731 185.9±8 2.2 Chlorodiiodomethane 302.281 190.8±8 2.53 Bromodiiodomethane 346.732 221.5±8 2.62 Iodoform 393.732 210 1221 3.03 Bromoacetic acid 138.95 207-209 ~873 0.41 Bromochloroacetic acid 173.39 210-212 ~1013 0.61 Chloroacetic acid 94.5 189 ~802 0.22 Dibromoacetic acid 217.84 232-234 ~1105 0.7 Dichloroacetic acid 128.94 192-194 ~922 0.92 Trichloroacetic acid 163.39 196 ~964 1.33 Bromochloroacetonitrile 154.39 121.1±20 ~992 0.38 Dibromoacetonitrile 198.84 67-69 ~904 0.47 Dichloroacetonitrile 109.94 112-114 718.8 Trichloroacetonitrile 144.39 85.86 ~665 2.09 1,1-dichloro-2-propanone 126.97 117-118 ~708 1,1,1-trichloroacetone 161.41 134.5 844.5 1.12 Trichloronitromethane 164.38 112.4 ~761.3 -0.25Chloral hydrate 165.4 98 ~697 0.99Dichloroacetamide 127.96 233-234 ~975 0.19N-nitrosodimethylamine 74.08 152 ~707 -0.57N-nitrosodibutylamine 158.24 250.6±9 ~1275 2.63N-nitrosodi-n-propylamine 130.19 206±0 ~1076 1.36N-nitrosomethylethylamine 88.11 154.4±9 ~778 0.04N-nitrosodiethylamine 102.14 177 ~877 0.481-nitrosopyrrolidine 100.12 214±9 ~1047 -0.191-nitrosopiperidine 114.15 217 ~1167 0.363-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) 217.434 388.7±42 1597 1.13 Tribromonitromethane (bromopicrin) 297.728 155.9±35 1.59 Bromoacetonitrile 119.948 150 762 0.2 Chloroacetonitrile 75.497 126 691 0.45 Bromodichloroacetonitrile 188.838 108.7±35 992 1.3 Tribromoacetaldehyde 280.741 174.0±0 1213 Trichloroacetamide 162.402 239 1017 1.04 2,6-dichlorobenzoquinone (2,6-DCBQ) 176.985 241.5 1359 1.23 2,6-dibromobenzoquinone (2,6-DBBQ) 265.887 277.3±40 1599 1.03 
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 effects studies, with the main focus on the most commonly occurring species which are known to be of high genotoxicity 24. Extensive research has gone into genotoxicity and 
carcinogenicity studies of the regulated and emerging compounds to compliment the already large dataset covering the toxicity of common DBPs 7. However, as more by-products are identified, significant research is required before a total summary of the toxicity of DBPs can be known. Therefore, current research is aimed at furthering the knowledge of the commonly occurring species, rather than those that most commonly occur at trace concentrations. A summary of some commonly studied compounds and their characteristics can be seen in Table 1. For further detail on the formation of common DBPs, please refer to Chapter 2. Literature review. As new and more complex disinfection methods are used in water treatment, there has been a trend towards more genotoxic compounds such as: halonitromethanes, haloaldehydes and nitrosamines being created 7, 25, along with various analogues of Ames mutagenic substances (with the major species in this category most commonly referred to as Mutagen X or 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone) 26. 
 
1.2. Methods for analysis of DBPs 
As with water treatment processes, instrumentation is continually evolving. The consumer wants everything to move faster, work more efficiently, and in the case of chemical analysis, reach lower detection limits. With that in mind, there is a constant drive to improve analysis methods to keep up with the ever-improving capabilities of modern instrumentation. However, even with improvements to instrumentation, this doesn’t mean that every facility can keep up with the continual improvements. It does, 
8
 however, suggest that the availability of validated methods is limited. Validated methods have remained unchanged for many years, even though there are numerous sources of literature indicating improvements upon these methods. The analysis of DBPs is most often limited to a select range of instruments, with emphasis on Gas Chromatography (GC), High-Performance Liquid-Chromatography (HPLC) 27, 28 and Ion chromatography (IC); using the optimal instrument to separate the desired analytes 29, 30. Although robust, these instruments rely heavily on pre-treatment of the collected samples before accurate analysis can be performed. Therefore, major differences between published and standard methods fall on the extraction technique used alongside the separation method.  
As with the majority of methods available for the use in analytical environmental science, there are a range of standard methods for the analysis of DBPs in drinking water that have been validated by the US EPA and are readily available 31. Validated methods being highly scrutinised, generally by governing bodies that monitor a given set of pollutants (i.e. EPA), maintaining appropriate quality control steps to ensure that the procedure will generate appropriate data when followed. However, these methods can be quite limited and in some cases are outdated, especially as new instrumentation and techniques are developed. In comparison, standard methods are not always validated, but are a general basis for preliminary method development. the case of recycled waters and wastewater, the same methods that are developed for drinking water are usually applied, but for these cases when the environmental samples are more complex there is a greater need for the use of efficient and robust extraction methods, whilst also maintaining adequate pre-concentration and sample clean-up, to avoid reduced recovery commonly seen for ‘dirty’ or untreated samples. Though sample clean-up can also lead to analyte loss during extended steps or handling of a sample.  
9
Extraction techniques have been tested and have shown high sensitivity along with high sample recovery. The favoured extraction methods are Purge and Trap (P&T), Headspace Solid-Phase Micro-Extraction (HS-SPME) and liquid-liquid extraction (LLE) 32, 33. Many of these methods have been validated since the initial occurrence studies, with each optimised to high efficiency and recovery. Although, with each of these extraction methods there are improvements that might be made. P&T is highly specific, and the instrumentation required for the set-up is costly, therefore it is generally limited to consultant agencies that process a large number of samples on a daily basis. HS-SPME is usually a time-consuming exercise and quite often used for qualitative analysis due to issues with reproducibility, however when the fibre used is optimised for the desired compounds, recoveries are highly usable for quantitative analysis. The final of the favoured, LLE is the most widely used due to its simplicity but is often used with large volumes of solvents that are non-reusable. However with current trends, LLE methods are using less solvent 33. With trends as they are in past years, there are many new opportunities and instruments that may be utilised to further improve current standard methods34. There is always room for improvement on given techniques to strive towards rapid analysis and scanning of DBPs in not only wastewater samples, but any water samples.  
1.3. Occurrence studies 
Studying the occurrence of DBPs in water has predominately focussed on potable water. Often occurrence data is commonly found through the companies that treat the water, as they require the data to be accessible so that it can be scrutinized at the public’s discretion. 
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 At least, this is the case for 11-14 compounds, depending on the country 22. For recycled water, however, this is not the case. Although companies strive to match potable water guidelines for recycled water, there are no limits enforced for these waters. This lack of guidelines is due to there being no intended human contact with final product.  Due to this, there is an obvious lack of data available for the occurrence of DBPs in recycled waters, especially as recent years have seen a greater desire for the application and reuse of wastewater, either to a greater extent in the agricultural and industrial sector, and in the form of indirect potable reuse 4.  
Research based drinking water investigations have continually been undertaken since initial discovery of DBPs, where the initial focus was on identifying the compounds that occurred most frequently and also in the highest concentrations 33. In more recent  studies the emphasis has shifted to  the development of  guidelines for allowed concentration based on available toxicological data on compounds of greater human risk 
35. Moving back to research into the occurrence of these compounds, the aims were generally focussed on those that had been regulated, whilst also putting an emphasis on the identification of as many DBPs that were occurring in the different treatment plants studied36. However, this was all focussed towards sampling and analysing drinking water, as the regulations available had been made for drinking water quality. Leaving no appropriate regulations for recycled waters, and therefore no real push for an understanding as to the overall occurrence in wider used recycled waters such as wastewater.  
In the case of Australia, along with other countries, this has become an issue for the environment if not the consumers; as there is a larger reuse of water along with a general interest in the formation of a more sustainable water source 37. Where the reuse of 
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wastewater may provide the desired sustainability, however with limited use due to ethical reasons the reuse of wastewater, along with other recycled waters has been reduced to use in agriculture and industry where there is minimal contact with humans or livestock. Taking this into account it is then beneficial to understand what is known about the occurrence of DBPs in both drinking water and recycled waters globally, as there are definite similarities, along with some vast differences 38. Only with further analysis of recycled water can an adequate understanding of the health impact be achieved. This may lead to an increase in the reuse of water for applications other than those currently in practice. 
As has been stated, there has been a great deal of work in the past on the occurrence of DBPs in drinking water, therefore there are already expansive reviews that can be found on the occurrence of these when looking at drinking water, along with the other facets of DBP research (Toxicology35, Analysis methods33, 39, 40 and Formation 41-43). With some recent reviews in this area of occurrence by Bond et al 44 and Richardson et al 7.  
In terms of occurrence data, there are generally two variations of occurrence research, one being to study purely the occurrence using previously validated methods45-47, the second being the development or use of different methods with the occurrence study performed to show the efficiency of the proposed method 11, 24, 30, 34, 48. Where these studies are most often used to observe the regulated DBPs and therefore there is very little diversity in the compounds studied 49. Although this may not be ideal, the studied compounds are those that have been observed to occur most frequently and at the highest concentrations and therefore are an appropriate starting point for further research in the field 50. In recent years, whilst continuing to research the regulated compounds, there has been an increasing interest in the study of the nitrosamines, with particular interest in N-
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 nitrosodimethylamine 51, 52. There has also been an increase in research conducted on the occurrence of some of the lesser studied DBPs, such as halonitromethanes 53, 54, haloacetonitriles 54, haloacetamides 55 and halobenzoquinones 56. However, as with much of the research on DBPs occurrence, the current studies of these have been highly limited in scope, with very little data made available as to their occurrence in water sources other than drinking water. With the data most commonly being requested by the companies themselves and is not published in an accessible form. Displayed data is also limited to the 11 regulated compounds, which does not reflect the greater portion of known DBPs and while these may show the common DBPs, it does not indicate the possible occurrence of more toxic species that may be present.  
In recent years there have been frequent instances of occurrence studies being performed for waste and recycled waters, compared to when first found in chemically treated waters. However, these are still limited, and are completed at the request of funding bodies. A major example of this was a survey completed across the United States of America in 2009 by Krasner et al 57. This survey is the most expansive dataset available. The sampling suite covered 23 wastewater treatment plants, which were all geographically diverse along with covering a wide range of treatment processes; sampling at multiple stages of the treatment, before chlorination, after chlorination and after de-chlorination (where practiced), along with sampling each of these locations across different seasons.  The inherent health concerns of DBPs were the driving force of this research, as there was a greater reclamation of wastewater effluents that had eventual reuse in potable water sources due to discharges upstream of drinking water treatment plants. The survey itself covered many compounds, looking at those that are regulated, but also analysed for emerging compounds, showing the presence of DBPs in 
13
 less studied classes, providing occurrence data for iodo-THMs, haloacetonitriles, haloacetaldehydes, halonitromethanes and analogues of chloral hydrate, whilst also detecting two nitrosamines. The overall research provided an in-depth insight into the formation mechanics of many DBPs in wastewaters, along with a much-needed reference for the occurrence of many compounds that were previously not studied in wastewaters. However, a major focus was given to the health concerns of the observed DBPs, as opposed to their impact on discharge areas. 
Most often the studies performed on recycled water are given as a secondary research goal, providing occurrence data to meet primary requirements, as such many of these studies were conducted when looking at the formation of DBPs in wastewater due to target variables. Once such example looked at the formation of major DBPs during microfiltration and reverse osmosis treatment 58. As a result of this study, a suite of 34 DBPs were studied, with occurrence data compiled for each. While most compounds were undetected or below instrumental detection limits, the study did cover the occurrence of these compounds at the three stages of wastewater treatment and from two separate treatment plants. It also provided relevant information on the formation, along with reduction of DBP concentrations through these stages, where most observed compounds increased after microfiltration, only to reduce in concentration through the process of reverse-osmosis. In the case of other Australian research, a recent technical paper  published by Linge et al. 59, looked at the past thirty years of Australian DBP research and showed the severe lack of DBP wastewater research, while there is clearly an emphasis on the monitoring and formation of DBPs in drinking water samples, particularly the toxicologically important species present. Through this document it was evident that the 
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 trend of Australian research has been more towards DBP formation, and the associated management strategies to reduce them. 
 
1.4. Knowledge Gap 
From the above and in referencing the literature review presented in Chapter 2, the knowledge gaps for the state of DBPs lie in two fields. The first being occurrences in recycled waters and the second being the methods for their analysis.  
In the case of recycled water occurrence studies, there are specific instances where this research is undertaken, however they are few and far between. In Australia, a country plagued by frequent if not permanent drought, the need for a more sustainable water source is of utmost importance. Since recycled water is an obvious source to augment supplies, it is necessary to know contents of recycled water and if it is possible to be used as possible potable water in the event it becomes a necessity and should the stigma of it once being waste be forgotten or ignored. Heavily populated countries with limited land space and/or where water sources are in high demand would also benefit from this, especially since some of these countries are already augmenting their drinking water with recycled water 37. If recycled water is to be used for broader applications and since DBPs are more prevalent in recycled wastewater than current drinking water, more research will be needed to understand their occurrence before this can be achieved. Additionally, special attention will have to be paid to compounds that aren’t currently regulated in drinking water, that may be more likely to occur in recycled waters.  
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 Apart from occurrence studies, the methods for the analysis of DBPs is also important. The available validated methods are more commonly used for drinking waters 60, that have a different matrix to wastewater. Although the waters go through the same processes, the final product can vary depending on the quality of the treatment, which can be poorer for recycled water than that of drinking water due to relaxed guidelines. Similarly, with the development of newer instrumentation, or improved techniques, available methods have substantial room for improvement. It is possible to reduce analysis times, preparation steps and solvent wastage. 
With only 14 of 600+ identified compounds being regulated, there is also a gap in the toxicological information for the majority of DBPs 7. Through furthering the research into occurrence and analysis of known DBPs, it will be possible to improve the current guidelines or even increase the list of regulated compounds to be more indicative of what may or may not be present in the water someone is drinking or using.  
 
1.5. Project Scope 
The final outcomes of this project will be:  
-The development of reliable and robust analytical methods for the determination of DBPs in Victorian water sources. 
-Application of the developed methods to determine the current occurrence of DBPs in Victorian water sources, as with the above the focus will be on wastewater samples, where occurrence studies will be mainly performed to observe the common DBPs along with those identified using the HS-GC method.  
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-Comparison of the data obtained for samples of drinking and recycled waters.
-Comparison of occurrence data with global data, to assess Australia’s current thresholdlimits. 
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Chapter 2 Literature Review 
Regulated and emerging disinfection by-products in recycled 
waters. 
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Disinfection is an integral component of modern water treatment
performed daily on large volumes (gigalitres) of water around the
world, treating both drinking and, increasingly, recycled waters for
use in agriculture and/or to supplement non-potable supplies
(Tram Vo et al., 2014). Chemical disinfection is the most commonly
used sanitisation method for water. It usually involves the use of chlo-
rine, chlorine dioxide and/or ozone as primary disinfectants, and
monochloramine (chloramine) as a residual disinfectant. Chlorination
is themost common technique but common practice is to use amixture
of two or more methods (Watson et al., 2012).
During disinfection, reactions can occur between the chemical disin-
fectants and naturally occurring organic matter (e.g. humic and fulvic
acids), inorganicmatter, anthropogenic contaminants and free bromine,
iodine or nitrogen present in the sourcewater. This can result in the for-
mation of what are termed disinfection by-products (DBPs), such as tri-
halomethanes and haloacetic acids. These compounds are often toxic
(many are carcinogenic) and so their presence in potable water is po-
tentially harmful to human health (Watson et al., 2012). The presence
of DBPs in recycled waters is however, rarely monitored (see Fig. 1).
This review outlines the current state of research on DBPs with a
minor focus on their occurrence in recycled waters in Australia. To
ﬁnd this datawe surveyed the literature for papers onDBPs inwastewa-
ter since the 1970s (when these compounds were ﬁrst discovered). For
the purpose of this review, the deﬁnition of recycled water is any water
that has undergone chemical disinfection after its primary use. Unless
stated otherwise, the termwastewater is used to refer to tertiary treated
sewage (as this is the only form of wastewater that is treated with
chemical disinfectants).
The major types of DBPs formed in disinfected waters are shown in
Table 1. Themajority are highly halogenated (mostly chlorinated, espe-
cially after undergoing chlorination) species with the most commonlyFig. 1. Overview of the tertiary treatmenobserved being the trihalomethanes (THMs), haloacetic acids (HAAs),
haloacetonitriles (HANs) and haloketones (HKs) (Zhang et al., 2004).
Interestingly this is not a new problem, with the ﬁrst qualitative detec-
tions of DBPs in chlorinatedwaters dating from the 1970s (Rook, 1974).
This was quickly followed by experiments undertaking the quantiﬁca-
tion of THMs and oxyhalides in source waters which also provided fur-
ther evidence of their presence in drinking water (Bellar et al., 1974).
DBPs in potable waters have been researched ever since the 1970s
and this has revealedmuch information about their occurrence and for-
mation pathways during water treatment (Richardson and Postigo,
2015). There has however, been a comparative lack of research on the
presence of DBPs in recycled waters. Pollutant research in such systems
has understandably focused on more well known environmental toxi-
cants such as pharmaceuticals (Jones et al., 2005), endocrine disrupting
compounds (Sutcliffe et al., 2013) and polyaromatic hydrocarbons
(Tang et al., 2012). This is mostly due to a lack of perceived need for
such information because of the generally low direct human contact
with recycled waters and the fact that chlorination of recycled water
has, until recently, been comparatively rare.
In recent years there has been an increased interest in i) the disinfec-
tion of wastewater and ii) a greater need for water recycling and reuse
in urban and semi-urban areas for purposes other than those for
which it is currently utilised. Recycled water is increasingly being ap-
plied to applications such as, groundwater/aquifer recharge, irrigation,
minor household applications (ﬂushing, watering and washing), indus-
trial applications (washing, cleaning and cooling) and, in speciﬁc cases,
for indirect potable reuse (IPR) (Lopez-Serna et al., 2012; Lazarova et al.,
2013). Greater use of recycled water is especially important in drought
prone countries such as Australia and some Mediterranean countries
(Po et al., 2003). Other possible uses include agriculture and themainte-
nance of public parkland, gardens, and golf courses (Lazarova et al.,
2013). There have been some cases where recycled water systems
were accidently connected to the potable water distribution network,t of domestic and industrial sewage.
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Table 1
Common DBP classes and examples of compound structures.
Compound class Example species Mw Formula Structure
Oxyhalides Bromate 126.9036 BrO3
Chlorate 82.9541 ClO3
Chlorite 66.9592 ClO2
Haloacetic acids
(HAAs)
Monochloroacetic acid
(MCAA)
93.9822 C2H3ClO2
Monobromoacetic acid
(MBAA)
137.9316 C2H3BrO2
Haloacetonitriles
(HAns)
Trichloroacetonitrile 142.9096 C2Cl3N
Haloketones 1,1-dichloro-2-propanone 125.9639 C3H4Cl2O
Nitrosamines N-Nitrosodimethylamine 74.048 C2H6N2O
Halofuranones 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) 215.9148 C5H3Cl3O3
Halonitromethanes Trichloronitromethane
(Chloropicrin)
162.8994 CCl3NO2
Halobenzoquinones 2,6-dichlorobenzoquinone
(2,6-DCBQ)
175.9432 C6H2Cl2O2
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designed to prevent this. The increased public acceptance and use of
recycled waters is somewhat tempered in Australia (and elsewhere)
by the overlying stigma that recycled water, is still ‘dirty’ after its treat-
ment, due to its origin - even though most Australian recycled water is
treated chemically and biologically to almost identical standards as
drinking water (Michael-Kordatou et al., 2015).
Since recycled waters tend to contain more organic material than
drinking waters their disinfection can produce a correspondingly
greater amount of DBPs (Tang et al., 2012) many of which are unregu-
lated (Grellier et al., 2015), and inmany cases unidentiﬁed. Themajority
of policy and regulation around DBPs has focussed on drinking water,
with deﬁned guidelines being placed on only the most commonly oc-
curring compounds. For example, only 11DBPs are currentlymonitored
for in drinking waters in Australia (mirroring the situation in other
countries). This lack of knowledge has resulted in an increase in re-
search on DBP formation and occurrence in recent years. For example,
a variety of papers have been published on DBP analytical method de-
velopment (Alexandrou et al., 2017) as well as their toxicology (Du et
al., 2017), occurrence (Krasner et al., 2009), degradation (Liu and Li,
2010), and formation (Du et al., 2017).
Despite the move to study DBPs in recycled water much more work
will need to be undertaken until coverage of this topic is comparable to
that of drinking water (Wang et al., 2015). Such work is needed to
ensure that regulators fully understand the toxicity of DBPs, and the
effects they may have when in contact with the general population,
when setting policy (Breach, 1999). An additional problem is that as
alternative disinfection protocols are used (varying dosage and/or
combining disinfectants) in water treatments in different countries;
when coupled with themore diverse inﬂuent composition of wastewa-
ter compared to drinking water this results in more complex and
more toxic compounds being formed in recycled water. Examples ofsuch compounds include halobenzoquinones (Zhao et al., 2012),
halonitromethanes, haloaldehydes and nitrosamines (Richardson et
al., 2007), alongwith various halogenated analogues of Amesmutagenic
substances (with the major species in this category - 3-chloro-4-
(dichloromethyl)-5-hydroxy-2(5H)-furanone commonly referred to as
Mutagen X) (Suzuki and Nakanishi, 1995).
There are currently N600 compounds that are listed as being formed
during the disinfection of drinking and/or recycled waters (Shen et al.,
2010). Of these, fewer than 100 have undergone quantitative research
and health effects studies (Hebert et al., 2010). Understanding the
occurrence of DBPs along with the factors that affect their formation
during water treatment will allow improvements to water treatment
protocols to help recycled water become a fully sustainable resource.
This review therefore gives an overview of the research that is taking
place in this area covering the types and amounts of compounds
that have been observed, methods for their analysis, and regulation
strategies.
2. DBP formation pathways
The main formation pathway for DBPs during water disinfection is
through interactions between the disinfectants used and natural or-
ganicmatter (NOM) in the sourcewater. TheNOM fraction is composed
of humic substances and, to amuch greater extent in recycledwater, bi-
ological materials such as amino acids, carbohydrates and proteins
(Chang et al., 2013). It is the presence of efﬂuent related organic matter
overlapping with background NOM levels that enhances the formation
of DBPs during the treatment of recycled waters. NOM is not easily re-
duced as the composition of source waters is highly varied and not eas-
ily controlled (Tian et al., 2013). Although NOM has been shown to be
the greatest factor in the formation of DBPs, there are several other var-
iables that increase the likelihood of by-product formation, these25
Table 2
Summary of commonly observed DBPs, precursor compounds and related disinfection process.
Disinfection
by-product
Precursor Compound Chemical disinfectant Matrix type* Reaction type Ref.
Oxyhalides NOM/fulvic acid/humic
acid
Chlorination/ozonoation/Chloramination Raw waters/drinking
waters
Oxidation/disproportionation of
chlorine/bromine/nitrogen atoms
(Hautman and
Bolyard, 1992)
C-DBPs
Trihalomethanes NOM* Chlorination Raw water HOCl + organics - N Cl-DBPs (Gough et al., 2014)
Haloacetic acids Haloacetamides Chlorination/chloramination Lab simulated Hydrolysis of HAcAm at decreased pH (Glezer et al., 1999)
N-DBPs
Chloropicrin Amino acids *tryptophan,
tyrosine, asparagine
alanine
Chlorination and chloramination Lab simulated Reaction between chloramine and
org-N compounds
(Yang et al., 2012)
Haloacetonitriles L-Aspartic acid Chlorine Lab simulated (Bond et al., 2012)
L-Tryptophan Chlorine Lab simulated (Bond et al., 2012)
Amino acids *tryptophan,
tyrosine, asparagine
alanine
chlorination and chloramination Lab simulated (Yang et al., 2012)
Ranitidine Chloramine Lab simulated (Bond et al., 2012)
4-hydroxybenzaldehyde Chloramination Natural waters Reaction with chloramine (Chuang and Tung
2015)
Haloacetamides NOM (+DON) Chlorine/chloramine Natural waters/fed
from WTPs
Substitution with halogens/DON (Chu et al., 2013)
Hydrophilic organic
fractions
Chlorination Raw water Reaction between chlorine and N
containing organics
(Chu et al., 2010)
Haloacetonitriles Chlorine/Chloramine Lab simulated Hydrolysis of Hans at increased pH (Glezer et al. 1999)
L-Aspartic acid Chlorine Lab simulated (Bond et al., 2012)
L-tryptophan Chlorine Lab simulated (Bond et al., 2012)
Nitrosamines Dimethylamine Chloramine Wastewaters
(secondary efﬂuent)
(Mitch and Sedlak,
2004)
Aliphatic tertiary amines Chloramine Wastewaters
(secondary efﬂuent)
(Mitch and Sedlak,
2004)
Ranitidine Chloramine Reaction with chloramine at pH 8.5 (Le Roux et al., 2011)
Nizatidine Chloramine Reaction with chloramine at pH 8.5 (Le Roux et al., 2011)
Methadone Chloramine Raw surface waters Reaction with
dimethylisopropylamine functional
group
(Hanigan et al., 2015)
* The table only shows the signiﬁcant precursors observed in research undertaken in past years. The majority of precursor material is still undeﬁned natural organic matter and efﬂuent
organic matter, especially so in the case of carbonaceous DBPs.
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bromine, iodine and nitrogen (Shah and Mitch, 2012). An overview of
the commonly observed precursors of major DBPs is shown in Table 2.
Although alternate disinfection protocols reduce overall DBP
formation, they can also lead to the formation of newer, more complex
by-products; which in wastewater can be further exacerbated by the
presence of a diverse range of organic micro-pollutants and their me-
tabolites, e.g. pharmaceuticals (Postigo and Richardson, 2014), and
even illicit drugs (Hanigan et al., 2015) and agricultural runoff (Hladik
et al., 2016). As a result it has become increasingly difﬁcult to predict
which DBPs are likely to form after disinfection. This has led to research
intomodelling of the formation pathways ofmanyDBPs often focussing
on a single, or a group of similar, compound(s), which can then be used
to understand the DBP formation potentials in a given water sample
(Le Roux et al., 2012; Zhang et al., 2014).
2.1. Trihalomethanes
Recognised as the most commonly formed class of DBPs, the
trihalomethanes or THMs have the formula CHX3, where X represents
any halogen. The term is generally used to encompass the four
most commonly occurring compounds in this class, trichloromethane
(TCM), bromodichloromethane (BDCM), dibromochloromethane
(DBCM) and tribromomethane (TBM). There has however, been an in-
creased interest in the iodinated trihalomethanes (I-THMs) recently
(Wei et al., 2013). These compounds were previously neglected due to
the generally low/negligible concentrations of dissolved iodine in natu-
ral waters but with the increasing presence of X-ray contrast media
(which have a high iodine content) and use of iodine and iodine-containing compounds in dairy farming, I-THMs are now of greater in-
terest in wastewater fed from these sources (Criquet et al., 2012;
Hladik et al., 2016). A similar trend has been observed for brominated
THM species, since wastewater and seawater (in desalination plants)
can be rich in bromine. Brominated DBPs have been found to be more
genotoxic than their chlorinated analogs so the study of such com-
pounds is of increasing importance (Du et al., 2017). Production of
wastewater containing bromine usually has an industrial source and is
commonly associated with fossil fuel extraction and utilisation (i.e., oil
and gas production and coal-ﬁred steam electric power plants (States
et al., 2013)).
THMs form readily at the concentrations of free chlorine found dur-
ingwater treatment. They can be formed de novo and/or via degradation
of other common DBPs such as haloacetic acids, which break down and
react again with free chlorine in the system (Baribeau and Foundation,
2006). More than 42 THM occurrence prediction models exist, each
making use of multiple variables including, but not limited to, Total Or-
ganic Carbon (TOC), Dissolved Organic Carbon (DOC), UV absorbance
(at 254 nm), Speciﬁc Ultra Violet Absorbance (SUVA), pH, temperature,
halide concentration and chlorine dose and reaction time (Chowdhury
et al., 2009). These models are generally used to determine the effects
of different treatment processes, and to aid inmanagement of these sys-
tems, as well as for use by regulatory agencies, toxicological and epide-
miological studies and risk-assessments (Chowdhury et al., 2009). Such
models cannot however, predict the NOM content of the inﬂuent of a
system, nor are they capable of assumptions as to the total reactivity
of this organic component (Zhai et al., 2014). Theywill therefore always
need to beused in conjunctionwith chemicalmeasurements to ensure a
total understanding of compound occurrences.26
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Haloacetic acids are carboxylic acids in which a hydrogen atom in
acetic acid (CH3COOH) has been replaced by a halogen. As with THMs,
the haloacetic acids are readily formed duringwater treatmentwith chlo-
rine and their formation potential increases signiﬁcantly with greater
concentrations (above 3 mg/L) of free chlorine (Shi et al., 2013). The
HAAs favour acidic conditions (pH b6), and have also been shown to
form in greater concentrations in the presence of hydrophobic NOM frac-
tions, generally forming alongside THMs but to a lesser extent (con-
versely, hydrophilic fractions tend to favour THM formation) (Liang and
Singer, 2003). There are ﬁve commonly observed haloacetic acids,
monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichloroace-
tic acid (TCAA), monobromoacetic acid (MBAA) and dibromoacetic acid
(DBAA) (Li et al., 2013). Together these compounds are often referred
to by the term ‘HAA5’. Other forms observed to occur less frequently in-
clude iodinated and/or more highly halogenated compounds (Li et al.,
2012). In contrast to trihalomethanes the haloacetic acids are highly
polar and less volatile (Emmert et al., 2009). Haloacetic acids are com-
monly formed, but decompose at temperatures above 23 °C and easily
breakdown to simpler forms (often trihalomethanes) (Zhang and
Minear, 2002), in some cases evidence has shown that HAAs can also de-
compose at elevated pH values (Golﬁnopoulos et al., 2003). This break-
down is what leads to lower formation potentials for HAAs while
concurrently exaggerating THM concentrations, especially asmost analy-
ses are undertaken after the treatment stage at which HAAs will have
degraded.
2.3. Oxyhalides
Oxyhalides are molecules in which both oxygen and halogen atoms
are attached to another chemical element in a singlemolecule (Bellar et
al., 1974). These compounds are easilymeasured in drinkingwaters and
are generally the product of oxidation occurring post-dosing, with chlo-
rine dioxide, hypochlorous acid and ozone treatment being the
favoured formation pathway (Bolyard et al., 1992). The chlorinated
oxyhalides form through ionisation or disproportionation of the disin-
fectant used. Other species form from ozonation due to oxidation of
free halides in the source waters (Hautman and Bolyard, 1992). Two
regulated DBPs, chlorite and bromite, are classiﬁed as oxyhalides,
other members of this group include chlorate and bromate (Weinberg,
2009). Brominated oxyhalides occur due to bromine naturally being
present in source waters (Siddiqui, 1996). Although oxyhalides are
common in drinking water studies their occurrence in recycled waters
seems to be usually only monitored by water companies since data on
these compounds seems to be absent from scientiﬁc literature.
2.4. Halonitromethanes (HNMs)
Halonitromethanes have been studied since DBP research started, due
to their relatively high occurrence and toxicity. These compounds are
simple, like many DBPs, and differentiated from halomethanes by only
the nitro group. They therefore have high formation potentials (Hong
et al., 2015). Until the early 2000's HNM research was limited to
trichloronitromethane (TCNM) due to an unavailability of chemical stan-
dards for the other halogen substituted nitromethanes (Song et al., 2010).
There is evidence of adverse health effects of HNMs. Indeed this class of
compounds alongwith other nitrogenated compounds, which are unreg-
ulated, are all far more toxic than THMs or HAAs which are regulated
(Montesinos and Gallego, 2012). Of the HNMs, the most commonly
known compounds are trichloronitromethane (chloropicrin) and
tribromomitromethane (bromopicrin) (Shi et al., 2013) and these com-
pounds are often included in drinking water surveys (Bond et al., 2015).
HNM formation is heavily dependent on nitrogen being present in the
source waters. This is most commonly derived from organic precursors
(e.g. azo compounds (Fu et al., 2017)), with pre-ozonation prior tochlorination or chloramination signiﬁcantly increasing the formation po-
tential of HNMs in treated water (Montesinos and Gallego, 2012). It has
also been observed that high pH can increase the formation potential in
treated waters that undergo chlorination (both with and without prior
ozonation), though not chloramination (Hong et al., 2015).
2.5. Nitrosamines
This class groups together multiple compounds that, as the name
suggests, have a nitroso group bonded to an amine. Nitrosamines are
formed by reaction of secondary or tertiary amines with a nitrosating
agent. Nitrosamines are currently classiﬁed as emerging DBPs, however
the earliest instances of their occurrence were in the 1970s, when N-
nitrosodimethylamine was observed in the air and water in locations
near factories that were producing dimethylhydrazine (Fiddler et al.,
1977; Nawrocki and Andrzejewski, 2011). Interestingly, the main re-
search on nitrosamines is within the food sector, with water surveys
only beginning in the late 1970s (Mirvish et al., 1976). In foods, the
nitrosating agent is usually nitrous anhydride, formed from nitrite in
acidic, aqueous solutions. In water, due to its high carcinogenicity, the
major compound studied is N-nitrosodimethylamine or NDMA (Mitch
et al., 2003), with occurrence information highly sought after by
water companies (Templeton and Chen, 2010). Other commonly occur-
ring nitrosamines are n-nitrosomorpholine, n-nitrosopyrrolidine, n-
nirosopiperidine and n-nitrosodiphenylamine (Zhao et al., 2006; Dai
and Mitch, 2013). All of these compounds are polar and soluble in
water, with a low octanol/water coefﬁcient, making them reasonably
difﬁcult to extract fromwater samples with the use of organic solvents.
Coupling this to their trace occurrence levels means that the analysis of
nitrosamines requires robust techniques and substantial pre-concentra-
tion is needed to bring concentrations above instrumental detection
limits. (See Table 3).
Nitrosamines have been the subject of much research in recent
years, most of which has focused on their formation, particularly that
of NDMA (Krasner et al., 2013; Kristiana et al., 2013; Sgroi et al.,
2018). Nitrosamine formation favours chloramination, with evidence
also showing an increased formation potential during ozonation. This
latter fact poses an issue since ozonation is used primarily to avoid
reverse osmosis or UV-treatment, which have been shown to reduce
ﬁnal nitrosamine concentrations (Gerrity et al., 2015). There are
numerous proposed formation mechanisms, with the major identiﬁed
model precursor being dimethylamine and its analogues (Bond et al.,
2012). However, there have also been multiple pharmaceuticals that
have been observed to react during chloramination to form nitrosa-
mines, with compounds such as ranitidine, nizatidine, doxylamine,
trimethylamine and glycine, and others being identiﬁed as precursors
(Le Roux et al., 2011; Shen and Andrews, 2011; Bond et al., 2012),
these compounds and newly observed precursors can be seen in Table 2.
2.6. Other DBPs
The DBPs discussed above are those that are most commonly ob-
served and studied but there are many other topical DBP compounds.
Of particular interest are the halofuranones whose genotoxic and carci-
nogenic properties are well established (Kubwabo et al., 2009). The
major halofuranone is 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-
furanone, more commonly known as Mutagen X. This compound has
been found on multiple occasions at ppt levels (Kronberg et al., 1988;
Andrzejewski and Nawrocki, 2005; Kubwabo et al., 2009).
Other classes of DBPs have shown increasing concentrations in re-
cent years, such as haloacetamides, halobenzoquinones, haloketones
and haloacetonitriles, mainly due to alterations in disinfection steps to
reduce the formation of the regulated compounds (Richardson and
Postigo, 2015). N-DBPs are formed in the presence of amines, with a
common precursor being amino acids (Yang et al., 2012), which
recycled water is typically rich in.27
Table 3
Summary of global regulatory limits with standard methods for analysis.
Compound class Major studied Regulatory guidelines (mg/L)
(Wang et al., 2015)
Analysis methods
(EPA, 2016)
US.EPA WHO Aus (NHMRC)
Oxyhalides Chlorite 1 0.7 0.8 EPA method 326
ASTM Int. D 6581Chlorate – 0.7 ND
Bromate 0.01 0.01 0.02
Trihalomethanes Trichloromethane
(Chloroform)
(TTHM)
0.08
0.3 (TTHM)
0.25
EPA methods 524, 551
Standard methods 6232
Bromodichloromethane 0.06
Dibromochloromethane 0.1
Tribromomethane
(Bromoform)
0.1
Halonitromethanes Trichloronitromethane
(Chloropicrin)
– – 0.08 EPA method 551
Haloacetic acids Monochloroacetic acid (HAA 5)
0.06
0.02 0.15 EPA methods 552, 557
Standard methods 6251Dichloroacetic acid 0.05 0.1
Trichloroacetic acid 0.2 0.1
Monobromoacetic acid – –
Dibromoacetic acid – –
Haloacetonitriles Dichloroacetonitrile – 0.02 – EPA method 551
Dibromoacetonitrile – 0.07 –
Nitrosamines N-Nitrosodimethylamine (NDMA) 0.0001 0.0001 EPA method 521
Standard methods 6450
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In Australia there are no speciﬁc regulations for concentrations of
DBPs in recycledwater, hence it is commonplace that the same guidelines
set for drinkingwater are also applied to recycledwaters. Thismeans that
only 11 compounds (four trihalomethanes, ﬁve haloacetic acids, chlorite
and bromite) currently have regulatory limits worldwide. The limits for
the trihalomethanes are grouped together and listed as THM4 (sum of
trichloromethane, bromodichloromethane, dibromochloromethane and
tribromomethane), this is also the case for the haloacetic acids, which
are listed as HAA5 (sumofmonochloroacetic acid, dichloroacetic acid, tri-
chloroacetic acid, monobromoacetic acid and dibromoacetic acid).
An in-depth review on global DBP regulatory limits was recently
completed by Wang et al. (2015). They found that most guidelines ob-
servedwere all set for drinkingwater quality and,while applied to an ex-
tent to wastewater, are not enforced. The general guidelines are set and
maintained by the US EPA (2012) or the World Health Organization
(WHO, 2011). Many other guidelines are simply variations of the limits
set by these organisations. Current Australian guidelines have been set
by theNational Health andMedical Research Council and the Agriculture
and Resource Management Council of Australia and New Zealand
(NHMRC/ARMCANZ) (NHMRC, 2011) and are shown in Table 3 (which
also includes the US EPA and World Health Organization guidelines). It
can be seen in Table 3 that allowable levels of regulated DBPs in the Aus-
tralian guidelines are well above those set by the US EPA and theWHO.
These guidelines were set for drinking water, by accounting for lifetime
contact and the overall toxicity of speciﬁc classes and compounds. Al-
though their contact time is lower (in some cases non-existent) there
is the possibility that DBPs may have some effect in the environments
in which treated wastewater is used (most commonly in agriculture, as
cooling or washingmaterial in industry as well as sports ﬁelds and park-
land) bust such effects are not well known or studied.
4. Methods for analysis of DBPs
The analysis of DBPs has been continuously advanced since their ini-
tial identiﬁcation and classiﬁcation. As such, there aremany reliable and
robust methods available (EPA, 2016). Such methods are however,
often limited to a select range of instruments, with emphasis on Gas
Chromatography (GC), High-Performance Liquid-Chromatography
(HPLC) (Mathew et al., 2009; Lee et al., 2013) and ion chromatography(IC) (Nikolaou et al., 2002; Zoccolillo et al., 2005). These instruments
rely heavily on pre-treatment of the collected samples before accurate
analysis can be performed. With specialised apparatus, for example di-
rect headspace techniques (Alexandrou et al., 2017), the pre-treatment
for some DBP classes can be reduced signiﬁcantly, or even removed,
whilst retaining high sensitivity and a high sample throughput. Many
methods are highly speciﬁc and extract only a single DBP class and the
major differences between published methods are therefore mostly to
do with the extraction technique used.
The favoured extraction methods are Purge and Trap (P&T), Head-
space Solid-Phase Micro-Extraction (HS-SPME) and liquid-liquid ex-
traction (LLE) (Pavon et al., 2008; Allard et al., 2012). Recently, a new
formofmicro-solid phase extraction has also been tested for the extrac-
tion of trihalomethanes fromwastewater (Alexandrou et al., 2015)with
some success. There remains however, much work still to be done to
produce newmulti-residuemethods with improved on detection limits
for many of the newer DBPs in both drinking and waste-waters (Liu et
al., 2013). For example, P&T is highly speciﬁc and the instrumentation
required for the set-up is costly, and is therefore generally limited to
consultancy agencies that process a large amount of samples on a
daily basis. HS-SPME is usually a time consuming exercise, and quite
often used only for qualitative analysis due to issues with reproducibil-
ity, although when the SPME ﬁbre is optimised for the desired com-
pounds, recoveries sufﬁcient for semi-quantitative analysis are
possible. The ﬁnal method, LLE is the most widely used due to its sim-
plicity, but is often used with large volumes of toxic solvents that are
themselves non-reusable. LLE therefore has its ownhealth and safety is-
sues aswell as environmental problems. Newer LLEmethods do use less
solvent however (Pavon et al., 2008).
5. Occurrence studies
The available data for total DBPs is extensieve and covers a large
range of potable water sources (see Table 4). The initial scientiﬁc focus
was on identifying the compounds that occurred most frequently and
in the highest concentrations (Pavon et al., 2008). Over time, emphasis
has shifted to the development of guidelines for allowed concentration
based on available toxicological data on the 'issue' compounds, such as
many nitrogenous DBPs, with a major focus on NDMA (Templeton et
al., 2010). Rarely however, is DBP occurrence data from recycled water
source made available. Additionally, as there are only 11 regulated28
Table 4
Examples of DBP concentrations in wastewaters globally.
Study Stages tested Treatment stage THMs HAAs HAns Other DBPsa Nitrosamines
Australian wastewater
(Allard et al., 2012) 6 Secondary efﬂuent 0.035–0.345 μg/L – – bLOD ug/Lb –
Final efﬂuent 0.03–0.34 μg/L – – bLOD – 2 μg/Lb –
(Linge et al., 2013) 3 (2 Sites) Secondary efﬂuent 0.03–2.10 μg/L bLOD - 19.51 μg/L bLOD ug/L bLOD - 2.40 μg/L –
Final efﬂuent bLOD - 0.48 μg/L bLOD - 0.16 μg/L bLOD - 0.12 μg/L bLOD - 0.23 μg/L –
(Watson et al., 2012) 7 Secondary efﬂuent b4–138 ± 54 ng/L – – – b5–16 ± 9 ng/L
Final efﬂuent NA - 244 ± 35 ng/L – – – b5–52 ± 11 ng/L
Global wastewater
(Plumlee et al., 2008) 6 Secondary efﬂuent – – – – 20 ± 5–59 ± 14 ng/L
Final efﬂuent – – – – 2.3 ± 0.9–4.5 ± 2.2 ng/L
(Kosaka et al., 2009) 5 Pre ozonation – – – – 16–290 ng/L
Post ozonation – – – – 14–280 ng/L
(Krauss et al., 2009) 3 (20 Sites) Secondary efﬂuent – – – – bLOD - 33 ng/L
3 (Extreme) Secondary efﬂuent – – – – b0.8–188 ng/L
(Krasner et al., 2009b) 3 (23 Sites) Post chloramination 0.6–15 μg/L 0–22 μg/L ND - 12 μg/L ND - 6.4 μg/L ND - 3165 ng/L
Post chlorination 11–92 μg/L 13–136 μg/L 0.9–30 μg/L ND - 49 μg/L ND - 12,700 ng/L
(Matamoros et al., 2007) 2 Post chlorination 2–30 μg/L – – – –
(Nikolaou et al., 2002) 1 Final efﬂuent ND - 458.50 μg/L – – ND - 664 μg/L –
(Hassani et al., 2010) 5 Final efﬂuent 4.5–6.1 μg/L – – – –
Composed of haloacetaldehydes and haloketones.
a Showing ranges for other compounds observed.
b Concentrations shown are for iodinated THMs.
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for 14 compounds (WHO, 2011), it is usually independent studies that
provide wastewater occurrence data on DBPs. Water utility monitoring
for both drinking and recycled waters understandably only provide the
information needed to show compliance with regulatory guidelines
(Escher et al., 2014). Therefore the amount of occurrence data available
on the majority of DBPs is much greater for drinking water than for
recycled or natural water sources (Krasner et al., 2009). It should be
noted that this trend is also a result of increased human contact time
with drinking water compared to recycled water, but there is still a
need for overall occurrence data for the latter, in order to assess the pos-
sible overall DBP impact on both human and environmental health.
In the case of Australia, and in other countries looking to make
greater use of recycled water the lack of data on DBP occurrence in
recycled water has become an issue as not only is there a larger reuse
of water for irrigation agriculture and industries but also an increased
trend towards using recycled water for indirect potable reuse
(Rodriguez et al., 2009). It is thus beneﬁcial to understand what is
known about the occurrence of DBPs in recycled waters globally for
comparison (Whitaker et al., 2003). Only with further analysis of
Australian recycled waters along with exposure modelling however,
can an adequate understanding of the potential health impact of DBPs
in recycled waters in Australia be achieved.
5.1. Global context
In terms of global occurrence data, there are generally two types of re-
search, one using previously validated methods (US.EPA, 1979;
Golﬁnopoulos et al., 2001; EPA, 2016), the second being the development
or use of different/new analysis methods, with the occurrence data being
obtained to show the efﬁciency of the proposed method (Nikolaou et al.,
2002; Zhang et al., 2004; Shi and Adams, 2009; Hebert et al., 2010; Liu et
al., 2013). Both types of studies are generally focused on regulated DBPs
and therefore have very little diversity in the compounds studied, espe-
cially given that there are N600 identiﬁed DBPs in total (Richardson et
al., 2010). The most studied compounds are, however, also those that
have been observed to occur most frequently and at the highest concen-
trations and are therefore an appropriate starting point for further re-
search in the ﬁeld (Krasner et al., 2006).
There has been an increasing interest in the study of the nitrosamines,
with particular interest in N-nitrosodimethylamine due to its relativelyhigh concentrations (median concentrations of 5–20 ng/L were reported
in one occurrence study (Krauss et al., 2009) and recent guidelines of
10 ng/L in drinkingwater, were set by theWHO (WHO, 2011)) in treated
water along with its high carcinogenicity (Mitch et al., 2003; Yang et al.,
2010). There has also been an increase in the research on the occurrence
of some of the lesser studiedDBPs, such as halonitromethanes (Liewet al.,
2012; Luo et al., 2014), haloacetonitriles (Luo et al., 2014), haloacetamides
(Plewa et al., 2007) and halobenzoquinones (Wang et al., 2013).
Data on the occurrence of DBPs of recycled waters are generally ob-
tained at the same time as analyses of drinking and/or surface water,
looking at either speciﬁc DBPs or total volatile organic compounds
(VOCs). One early example is a study by Nikolaou et al. (2002) who
sampled various sites in Greece between October 1998 and 1999. The
study identiﬁed and quantiﬁed 41 VOCs sampled seasonally across ten
rivers, seven lakes, three gulfs and four wastewater treatment plants.
The author's were able to demonstrate the analysis of recycled water
samples using amethod that had previously been validated for drinking
water; illustrating that is was possible to transition methods from a rel-
ative simplematrix (drinkingwater, to amore complex sample (waste-
water)). Many of the compounds tested for were either not detected or
seen at trace level in the river and lake samples, and then found at high
ppb levels in wastewater. Themost extreme casewas trichloromethane
which was found at a maximum level of 1.5 μg/L in river/lake samples
but a maximum of 458.50 μg/L in wastewater. This was an extreme
case and it is possible that analyses were performed during a period of
exaggerated formation which could have been caused by increased in-
ﬂuent ﬂow rich in organic material, or even a heavy disinfectant dosage
due to increasedmicrobial presence. Although this study is not recent, it
still yields insight into the current state of DBPs, as the trends observed
also show a higher DBP occurrence in wastewater than drinking water
(Weinberg et al., 2002).
Following this work, an occurrence study was completed on
reclaimed water in Spain by Matamoros et al. (2007). This study looked
atwater sampled from three wastewater treatment plants and sampled
both secondary and tertiary efﬂuents over a two-year period. The re-
sults were however, limited to the total trihalomethane (TTHM) con-
centration. In the treatment plants sampled the chlorine dosage was
varied from 2 to 16 mg Cl2/L (2, 5 and 10–16 mg Cl2/L for the three
plants respectively). Samples were collected for a two-year period be-
fore publication to account for seasonal variations. Alongwith analysing
samples for TTHMs, the researchers also analysed typical water quality29
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monia ratio), so that an understanding on the impacts of each of these
parameters could be made, along with understanding the effects of
the different treatment protocols. This allowed a comparison to be
made between the treatments to see which produced the highest and
lowest THM concentrations. The authors observed that no statistical dif-
ference could be found between the differently treated efﬂuents. The
work also provided relevant occurrence data for THMs in treatedwaste-
water efﬂuents, showing TTHMconcentrations in the range of 2–30 μg/L
well below the international standards for drinking waters at the time
(80–150 μg/L).
Also completed in Spain, was an extensive survey on priority pollut-
ants in wastewater efﬂuents, spanning 28 wastewater treatment plants
in coastal areas. However, the suite of compounds was, at 71 different
compounds quite broad. Trichloromethane was the only regulated
DBP studied (the highest observed TCM concentration reported was
44 μg/L, NB: the concentration given in original source is listed in mg/
L, this is believed to be a mistake so μg/L are the units provided here),
and even this was grouped with other volatile compounds. However,
in all the samples tested (both surfacewaters andwastewater efﬂuents)
the concentrationswere at trace levels, with no instances of any sample
having a DBP above regulatory limits (Martí et al., 2011).
There have been more instances of occurrence studies being per-
formed for waste and recycled waters (Liu and Li, 2010; Song et al.,
2010; Agus et al., 2011; Boyd et al., 2011; Watson et al., 2012;
Hanigan et al., 2015). The most expansive dataset available to date
was a survey completed across the United States of America by
Krasner et al. (2009). This survey covered 23 geographically diverse
wastewater treatment plants, and a wide range of treatment processes.
The authors sampled atmultiple stages of the treatment - before chlori-
nation, after chlorination and after de-chlorination (where practiced)
across different seasons. The results generated occurrence data for
iodo-THMs, haloacetonitriles, haloacetaldehydes, halonitromethanes
and analogues of chloral hydrate, whilst also detecting two nitrosa-
mines (NDMA and NMOR). Since this survey however, there has been
a lull in the overall research into wastewater occurrences, limited to oc-
currence studies on a narrow range of trihalomethanes and other regu-
lated DBPs in Iran (Hassani et al., 2010). Another example, focussing
purely on the formation potential of N-nitrosodimethylamine in sec-
ondary wastewater efﬂuent yielded some occurrence information, but
was presented as an increase in concentrations due to certain tested fac-
tors; not as an average concentration of the studied compounds across a
period of time (Hatt et al., 2013).
5.2. Australian context
There have also been occurrence studies performed on Australian
wastewater efﬂuents; these were however, completed as a side out-
come to the overall research. The ﬁrst of these, outlining a novel SPME
method for the simultaneous analysis of 10 trihalomethanes was com-
pleted in 2012 (Allard et al., 2012). The method was the ﬁrst put for-
ward that enabled the simultaneous analysis of chloro-, bromo- and
iodo- trihalomethanes at ng/L concentrations. This improved the analy-
sis of trihalomethanes greatly, as the iodinated compounds previously
would have been analysed separately due to the chlorinated and bromi-
nated trihalomethanes being found in much higher concentrations. The
research also provided occurrence data on the analysed trihalometh-
anes in an Australian setting. Concentrations for the studied THMs
were in the range of ND-2600 ng/L (trichloromethane was observed
the highest concentrations throughout all stages of treatment). Simi-
larly, the only other paper hailing from Australia, was aimed primarily
at completing a bioassay based assessment of trihalomethanes and ni-
trosamines present in the wastewater efﬂuents sampled but also pro-
vided an indication of the concentrations of the studied compounds.
The work showed that concentrations that were consistently lower
than 300 μg/L for trihalomethanes and 20 ng/L for nitrosamines.Most often the studies performed on wastewater are undertaken to
provide occurrence data to meet legislative requirements, an example
being a study that looked at the formation of major DBPs during
microﬁltration and reverse osmosis treatment (Linge et al., 2013). In
this study a suite of 34 DBPs were studied, inclusive of halomethanes.
Haloacetic acids, haloacetonitriles, haloaldehydes, haloketones and
chloropicrin, with occurrence data compiled for each individual com-
pound. Most of the analysed compounds were either undetected or
below instrumental detection limits, for all of the stages of water treat-
ment that were studied. With this information it was observed that the
tested compounds increased in concentration after microﬁltration, only
to reduce after the use of reverse-osmosis. A recent technical paper was
completed by Linge et al. (2015), looking at AustralianDBP research and
also illustrating the severe lack of DBP wastewater research.
With the studies described above, it is clear that there is a large
knowledge gap in the occurrence of DBPs inwastewater, surface waters
and other recycledwatersworldwide.While it is easy to ﬁndoccurrence
information for the common DBPs in drinking waters, with major stud-
ies being completed in America (Weinberg et al., 2002), the United
Kingdom (Whitaker et al., 2003), Canada (Koudjonou et al., 2008),
China (Gan et al., 2013) and Korea (Cho et al., 2003). However for cur-
rent data, the best source of data on het levels of regulated DBPs is al-
ways the water companies that treat and prepare the drinking water,
as these companies should retain and present up to date concentrations
to ensure that the levels are below the threshold limits set in their re-
spective countries.
6. Conclusions
In Australian DBP research, the major focus remains on drinking
water, with only minor research being undertaken on wastewaters.
This has led to a highly limited dataset or the overall occurrence of com-
mon and emerging DBPs in wastewater being available. However this
data gap generally stems from a lack of a need for the analysis of waste-
water samples, at least in regards to human health concerns, since
waste and recycled waters generally have little to no human contact.
This situation is likely to change in the near future however and improv-
ing the state of knowledge as to the occurrence of DBPs in recycled wa-
ters, will therefore becomemore important. Future researchwill require
the analysis of a larger suite of compounds than the 11 currently
regulated species, enabling a greater understanding of the overall occur-
rence of DBPs, which would then also lead to identiﬁcation of precur-
sors. The industry could then move towards the introduction of new
treatment schemes that would better remove or reduce the precursor
material from source water so that wastewater may be used for a
wider range of applications.
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Chapter 8
Disinfection By-products in Recycled
Waters
Lydon D. Alexandrou, Barry J. Meehan and Oliver A. H. Jones
Abstract Disinfection is an integral component of water treatment performed on
large volumes of water worldwide. Chemical disinfection may, however, result in
the unintended production of disinfectant by-products (DBPs) due to reactions
between disinfectants and organic matter present in the source water. Due to their
toxicity, levels of DBPs have been strictly regulated in drinking waters for many
years. With water reuse becoming more common around the world, DBPs are now
increasingly becoming a concern in recycled waters, where a much larger amount
and variety of compounds may be formed due to higher abundance of organic
material in the source water. With increasing temperatures and population growth in
future, there is an increased need to make greater use of waste/recycled water to
supplement supplies in countries such as Australia. This, in turn, necessitates a
greater understanding of DBP formation in waste and recycled waters.
Keywords Chlorination  Natural organic matter  Pollution  Recycled water
Toxicity
8.1 General
Recycled water is often thought as a modern phenomenon but, think about it, and it
can be seen that the recycling of water is actually a natural process that has been
happening for millennia. Most people will, for example, be familiar with the
simpliﬁed water cycle taught in schools with water evaporating from the sea to form
clouds, which move over land with the water then falling as rain into lakes, streams
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and rivers and moving back to the sea. A more representative water cycle takes into
account the fact that much of the water that falls as rain is collected and diverted for
use in cities and towns as well as industry and agriculture before it is returned to the
environment. It is usually (though not always) treated prior to the latter stage. The
water you drink today has been ‘recycled’ many times before it got to you and it
will be recycled again and again in future. A simple diagram outlining the typical
urban water cycle can be seen in Fig. 8.1.
Notwithstanding the above, not all parts of the world are equally rich in water
and those places where water is plentiful are not always those where people want to
live. As human populations increase in water-stressed areas, there is not always
enough freshwater to supply all needs. Recycled water is, therefore, a topic of
increasing interest and importance in countries such as Australia and even in dry
parts of countries usually considered as water-rich (e.g. East Anglia in the UK).
Presently, the application of recycled waters is limited to uses that don’t include
direct human consumption, such as watering playing ﬁelds and ﬁlling municipal
fountains. In Australia, pipes that deliver recycled water are of different colour, size
and diameter than standard pipework in order to minimise the chance of cross
connections and this has lead to general acceptance of the use of recycled water as
long as it is kept out of the home. It may not be possible to keep this restriction in
future years due to the increasing occurrence of drought conditions, coupled with
lower rainfall and even lower catchment replenishment rates. The prevailing water
management strategy of relying on current water storage facilities and high rainfall
events is likely to be unsustainable in the long run and there are concomitant
worries that over-abstraction from groundwater will cause serious damage to an
already fragile environment. Water recycling has thus been, and will likely remain,
an issue in Australia for the foreseeable future.
There are two main mechanisms that can be used to increase the total amount of
usable water available—wastewater treatment (which treats sewage) and desalina-
tion (which treats saltwater). Both involve substantial, multistage processes with the
raw influent undergoing, physical, biological and chemical treatments before being
Fig. 8.1 Typical urban water cycle
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distributed to where it is needed. These processes have signiﬁcant environmental
impacts but both produce usable product. While desalination produces potable
water that is generally accepted by the public, there is a general stigma associated
with the term ‘wastewater’, which precludes its use as drinking water directly in
many countries; the effluent instead being taken as the influent for a drinking water
plant to ensure it is of a suitable standard. A notable example is ‘NEWater’, which
is high-grade reclaimed water and a pillar of Singapore’s water sustainability
strategy. During dry periods, NEWater is added to reservoirs and blended with raw
water. The water from the reservoir is treated at the waterworks before it is supplied
to consumers as tap water.
In Australia, water treatment plants will often process influent to either class A,
B, C or D standard, depending upon its intended use. What is termed ‘class A’
usually meets the standards for drinking water but even so it is restricted to uses
such as industrial coolant, the watering of non-food crops and residential uses such
as toilet flushing and washing of cars and boats. All instances that will ensure little
to no human exposure for any possible adverse effects from the treated wastewater.
Nevertheless, it has been shown that small volumes (0.06–3.79 mL) of recycled
water can be inadvertently ingested from spray exposures, during car washing for
example, so it is important to be vigilant (Sinclair et al. 2016).
To move towards future, broader reuse, including drinking, of treated wastew-
ater, there has been a push to apply very advanced drinking water treatments to
remove organic micropollutants such as endocrine disrupting compounds (EDCs),
personal care products (PCPs), per-fluorinated compounds (PFCs), pharmaceuticals
(including iodinated X-ray contrast media), illicit drugs, and pesticides from
wastewater. As shown by Jones et al. (2007), such methods can have a high
environmental and ﬁnancial cost. They are considered necessary, however, to
reassure the public of the removal of all contaminents (either as the parent com-
pounds or as metabolites and/or breakdown products) originating from the influent
wastewater. Such methods are usually very successful. However, sometimes they
can introduce problems as well as remove them. Once such example is disinfection
via chlorination. This is often one of, if not, the last step in water treatment prior to
distribution but can lead to the formation of Disinfectant By-Products (DBPs).
8.2 Disinfection
Chemical disinfection is performed daily on large volumes (gigalitres) of water
around the world. It usually involves one of three processes, Chlorination,
Chloramination or Ozonation; it is common practice to use a mixture of two or
more of these methods. Chlorination was ﬁrst used in 1908 in New Jersey
(USA) (Ivanhenko and Zogorski 2006) and is still the most commonly used dis-
infection mechanism for water treatment. However, in addition to disinfecting the
source water, chemical disinfection may result in the production of DBPs via
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substitution reactions with organic matter present in the source water (McCormick
et al. 2010).
The formation of DBPs in drinking water was predicted back in the 1970s and,
as many DBPs are toxic, background levels of these compounds in drinking water
are strictly monitored and regulated. Research into DBP formation and presence in
wastewater is much more limited. This is an area where much more research is
needed since raw wastewater generally has a greater amount and range of organic
matter than river or lake water and thus the potential for the formation of a large
amount of correspondingly diverse DBPs is high. DBPs also form in swimming
pools as a result of chlorination but this is outside the scope of the present work and
will not be discussed further. Instead, this chapter will outline the implications of
DBPs in wastewater, shedding some light on their occurrence and how they can be
measured.
8.3 Disinfection By-products
Since DBPs are formed as the result of the disinfection process, particularly the
chemical disinfection stage, of tertiary water treatment they are one of the very few
water pollutants whose concentrations go up at the end of the treatment stage rather
than down. The most commonly formed are small halogenated compounds of
below 200 amu. DBPs are, however, not limited to small, nor halogenated com-
pounds, with some compounds, for example, being nitrogenated in the presence of
chloramine.
Due to the complex nature of wastewater, the type and number of compounds
that can form is almost endless, however, due to their trace quantities and/or further
breakdown after formation, there have only been *600 compounds identiﬁed as
DBPs. The most commonly occurring classes are the trihalomethanes (THMs),
haloacetic acids (HAAs), haloketones (HKs) and oxyhalides (Zhang et al. 2004).
There are also newer classes of DBPs such as nitrosamines and halobenzoquinones.
Most compounds in each class are very similar usually differing only in how
halogenated they are. The structure of selection of a range of the main DBPs is
shown in Fig. 8.2.
It can be seen from Fig. 8.2 that DBPs come in a wide variety of shapes and
sizes and this makes them a tough group to analyse for, especially as many of the
classes require highly speciﬁc analytical and extraction methods. This has meant
that analysis of individual compounds is generally limited with most studies
focussing on reporting the total amount of a particular groups or groups, e.g. total
THMs, with occasional forays into new and emerging DBPs as and when they are
found.
There has been a steady monitoring regime for those DBP compounds, which
have set regulatory limits but these are limited to a rather small pool of 14 com-
pounds (whose drinking water limits are applied to treated wastewater) that have the
highest formation potential, and likely concentration. Again, compound groups,
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rather than individual compounds, are generally measured e.g. trichloromethane,
bromodichloromethane, dibromochloromethane and tribromomethane, are com-
monly reported as a sum value of total trihalomethanes (TTHMs), without indi-
cating, or indeed taking into account, the possibility of iodinated or brominated
Fig. 8.2 Structures of some common DBPs
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species being present. The increasing creation and use of recycled water in many
areas of the world means that the development of new, fast and economical
methods for the extraction and detection of DBPs from a range of aqueous samples
is of interest, particularly in countries such as Australia, where water recycling is
extensively practised. Disinfection by-products have been found to be present in
class A water (as shown in Fig. 8.3).
Since DBPs are usually small, highly halogenated, volatile organic compounds
(VOCs), gas chromatography (GC) with either electron capture detection (ECD) or
mass spectrometry (MS) is typically used for their analysis, with other instru-
mentation such as high-performance liquid chromatography (HPLC) or ion chro-
matography (IC) being used in specialised cases. Before the sample can be
analysed, the DBPS must usually be extracted and pre-concentrated. Extraction
methods are where the greatest variation in methodology arises with the use (and
optimisation) of a variety of sorbents, solvents and chemical additions required to
suit the target analytes (Alexandrou et al. 2015). The most common extraction
methods are solid-phase microextraction, solid-phase extraction, liquid–liquid
extraction and purge and trap extractions. Some analytes require a derivitization
step dependant on the instrumental analysis used. While there are many available
standard methods for the analysis of commonly occurring DBPs, there are fewer
methods for new and emerging compounds. In order to develop such methods, it is
useful to understand how such compounds are formed.
8.3.1 Formation
The major formation pathways of DBPs are the interactions between the disin-
fectants used and natural organic matter (NOM) in the source water. A typical
Fig. 8.3 Chromatogram of class A water. Vertical dotted lines show the retention time of the four
THMs analysed (from left to right TCM, BDCM, DBCM and TBM). The overall average of total
THM concentration in Class A water was 17.03 µg/L with speciﬁc compound levels as follows—
TCM 7 ± 2 µg/L, BDCM 5.2 ± 0.2 µg/L, DBCM 4.83 ± 0.08 µg/L (see Fig. 8.3). These levels
are well below the Australian guideline limit for TTHMs of 250 µg/L and below the US EPA limit
of 80 µg/L
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influent for water treatment is surface water and the NOM in this matrix is com-
prised mainly of humic and fulvic acids. A much wider range of organic matter
makes up the NOM fraction in wastewater. This may include compounds from
natural and anthropogenic sources including amino acids, carbohydrates, proteins,
pharmaceuticals, illicit drugs and other organic compounds (Wang et al. 2013;
Huerta-Fontela et al. 2012; Postigo and Richardson 2014). As mentioned earlier,
the overlapping of NOM and effluent organic matter present during wastewater
treatment enhances and increases the total DBP formation potential when compared
to drinking waters.
Although the NOM fraction is the greatest contributor to the formation potential
of DBPs, organic matter is not the only factor that affects their formation. General
water quality parameters also play a part. This includes factors such as pH, tem-
perature and the presence of free/dissolved chlorine, bromine, iodine and nitrogen.
As a result of this, water quality parameters make up many published formation
potential models.
Of the classiﬁed DBPs, the most commonly formed class are the
trihalomethanes, speciﬁcally those that make up the TTHM measurement. The
chlorinated THM species have a higher formation potential, compared to that of
other halogenated methanes. Not to be forgotten are the brominated and iodinated
species, which occur at lower concentrations than the chlorinated species due to
their formation being prerequisite on the source water containing free bromine or
free iodine.
Iodinated DBPs occur less often than other DBP species, due to the negligible
concentrations of dissolved iodine in source waters, though with recent
improvements/changes to some industrial processes, particularly the presence of
iodinated X-ray contrast media in hospital wastewater (Duirk et al. 2011) and dairy
farms (Hladik et al. 2016), there is an increasing formation rate of iodinated DBPs
being reported.
Brominated species are also rare but are increasingly found in wastewater
influents associated with fossil fuel extraction (Parker et al. 2014). Bromine is also
present in seawater and so brominated DBPs are a concern in desalinated water if it
is disinfected/chlorinated (Liu et al. 2015; Manasﬁ et al. 2016).
Another major formation pathway, which plays a large role in the formation of
trihalomethanes is the degradation of other compounds. Classes such as haloacetic
acids and haloacetonitriles have been shown to break down, reacting with residual
free chlorine to form trihalomethanes under ambient water conditions through a
decarboxylation pathway (Zhang and Minear 2002). In general, THM levels tend to
increase with pH, temperature, time, and the level of ‘precursors’ present
(Garcia-Villanova et al. 1997).
Other readily forming DBPs are the haloacetic acids. The formation potential of
this group increases signiﬁcantly with greater concentrations of free chlorine. Five
compounds from this group occur most often (once again dominated by the chlo-
rinated species). These are monochloroacetic acid (MCAA), dichloroacetic acid
(DCAA), trichloroacetic acid (TCAA), monobromoacetic acid (MBAA) and
dibromoacetic acid (DBAA). Variations on these molecules, where chlorines are
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substituted for bromine or iodine occur less frequently and are dependant on the
influent source and the amount of free chlorine present. The haloacetic acids are
highly polar and less volatile than trihalomethanes and are therefore more sus-
ceptible to dissolution or decomposition to simpler compounds, under favourable
conditions (Zhang and Minear 2002).
Aside from two classes discussed above, which are recognised as the more
common DBPs, the formation potentials of other species are highly dependant on
the treatment conditions employed. Compounds such as oxyhalides, for example,
are more prevalent in drinking water in cases where ozonation is used alongside
chlorination (von Gunten 2003). In the presence of a lower organic matter content,
the simple oxyhalides are formed readily and in measurable concentrations. The
more common oxyhalides that are monitored regularly in drinking water are chlorite
and bromite, with others such as chlorate, perchlorate, chloride, bromate and bro-
mide along with nitrogenated analogues also often tested for (Bellar et al. 1974).
Nitrosamines are a new class of emerging DBPs that are formed in a similar
manner to the halogenated DBPs but lack a halogen in their structure. Instead, are
formed through reactions between secondary or tertiary amines and a nitrosating
agent (e.g. chloramine). The formation pathways of these and many other
nitrogenous DBPs have been of strong interest for many years. The group has been
shown to have many precursor compounds, many of which have pharmaceutical or
industrial origins. Nitrosamines are therefore more prevalent in treated wastewaters
fed by industry-based sources. Examples of these precursors are ranitidine, niza-
tidine, doxylamine, trimethylamine and glycine (Bond et al. 2012). After formation,
nitrosamines are difﬁcult to be extracted or removed due to their polarity and
relatively low log Kow coefﬁcient, they are, however, rarely present above low part
per thousand concentrations.
The above only covers a very small fraction of the total identiﬁed DBPs. Almost
any organic compound or class can form a DBP with the same basic pathway of a
substitution or addition of a halogen to the basic molecular structure. The increasing
variability of influent composition in conjunction with the diversity of the disin-
fection processes being undertaken acting as the major driver for the diversity seen
among DBPs. This is further exacerbated by current trends to alter the amounts of
disinfectants used (in an attempt to reduce the overall formation of speciﬁc com-
pounds) coinciding with alternate chemicals used within industry, influencing the
influents composition. As long as this trend continues, there will be a need to
analysis treated waters for the presence of common DBPs along DBPs derived from
contaminants of emerging concern. Of particular interest are the halofuranones,
whose genotoxic and carcinogenic properties are well established (Kubwabo et al.
2009). The major halofuranone is 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-
furanone, or more commonly known as Mutagen X (Suzuki and Nakanishi 1995).
This compound has been found on multiple occasions at ppt levels (Andrzejewski
and Nawrocki 2005; Kronberg et al. 1988; Kubwabo et al. 2009).
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8.3.2 Toxicology
There is a long history of toxicological testing for many DBPs of potential concern
in drinking water, and this means that there are readily available risk assessments
for the most commonly occurring compounds. The large gap in knowledge for the
occurrence of many DBPs does, however, mean that regulatory limits are only set
for 11 compounds in Australia and elsewhere, although the World Health
Organization (WHO) has recently increased this to 14 compounds. A list of reg-
ulated compounds and their relative limits is given in Table 8.1.
Comparing the regularity limits set globally, it is clear that there are major
discrepancies between governing bodies, with differences of *200 ppb in one
case. Using these regulatory limits for wastewater is not, however, strictly correct as
they are set for drinking water, taking into account only the appropriate exposure
for humans for each regulated compound. The belief being that there is little to no
human exposure to treated wastewater means that the devised guidelines are a
baseline that is often not enforced. This situation would have to change if recycled
water was to be used in the home directly.
Table 8.1 Current regulatory limits for DBPs as set by major water governing bodies. Greater
summary can be found in a review by Wang et al. (2015)
Compound class Major studied Regulatory guidelines (mg/L)
US.EPA WHO AUS (NHMRC)
Oxyhalides Chlorite 1 0.7 0.8
Chlorate – 0.7 ND
Bromate 0.01 0.01 0.02
Trihalomethanes Trichloromethane
(Chloroform)
(TTHM)
0.08
0.3 (TTHM)
0.25
Bromodichloromethane 0.06
Dibromochloromethane 0.1
Tribromomethane
(Bromoform)
0.1
Halonitromethanes Trichloronitromethane
(Chloropicrin)
– – 0.08
Haloacetic acids Monochloroacetic acid (HAA5)
0.06
0.02 0.15
Dichloroacetic acid 0.05 0.1
Trichloroacetic acid 0.2 0.1
Monobromoacetic acid – –
Dibromoacetic acid – –
Haloacetonitriles Dichloroacetonitrile – 0.02 –
Dibromoacetonitrile – 0.07 –
Nitrosamines N-Nitrosodimethylamine
(NDMA)
– 0.0001 0.0001
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In Australia, the current drinking water limit for THMs was set at 250 µg/L by
National Health and Medical Research Council and Agriculture and Resource
Management Council of Australia and New Zealand (NHMRC/ARMCANZ) in
2011 (NHMRC 2011). This limit is one of the highest in use worldwide; for
comparison, the limit set by the United States Environmental Protection Agency
(EPA) is only 80 µg/L (Wang et al. 2015).
The toxicity of DBPs can generally be assigned to one of three general classes;
(i) those showing some or all of the characteristics of human carcinogens, (ii) those
that are genotoxic and (iii) those that have little to no toxicological data available.
The majority of DBPs fall into the third category. There is a general trend of
increasing toxicity of iodinated > brominated > chlorinated, and brominated spe-
cies are often more genotoxic than the chlorinated species (Grellier et al. 2015).
There is also a trend of increasing toxicity with increasing level of halogenation
(Richardson et al. 2007).
All regulated DBPs show some level of toxicity, with many having mutagenic
effects above a speciﬁc threshold when tested with mammalian cells (Richardson
et al. 2007). For unregulated DBPs, there is still a lack of data as to toxicity at
relevant concentrations and exposure pathways (e.g. bathing, swimming and
showering through dermal inhalation or exposure).
The environmental toxicity of DBPs is unknown but thought to not be a large
issue due to the majority of commonly occurring compounds being highly volatile
and non-bioaccumulating. Other contaminants in treated wastewaters are much
more of a worry environmentally speaking. Although many DBPs can be readily
absorbed or ingested, most are broken down or excreted quickly and have negli-
gible effects on the ecosystem as a whole.
8.3.3 Occurrence
Although DBPs are widely studied, occurrence research is typically limited to the
analysis of drinking water sources. Research is also centred around the regulated
and the more common DBPs, not emerging compounds or groups. In the case of the
drinking water, DPP occurrence can be obtained simply through the annual reports
issued by the water companies, which are required to provide information that
proves their compliance with the respective regulatory limits. This information
may, however, not always be the best source of occurrence data as it does not
generally report the day to day concentrations or even seasonal variation. Typical
representation of the data may range from stating it is below a given concentration,
usually the deﬁned limit, or a stated average. Coupling this with the fact that
information for the regulated DBPs is given for total trihalomethanes (the sum of
the four compounds) and total haloacetic acids, (the sum of ﬁve, six or nine
haloacetic acids depending on the analyses undertaken) means detailed data is not
common. Rarely are values given for a singular compounds unless they are the only
regulated compound in a given class.
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For recycled waters, the story is completely different. Due to limited human
impact and a lack of proven environmental impact, wastewater analyses are rarely
performed, and when they are never tested on a scale such as that of drinking water
treatment plants. In the event that wastewater treatment plants are studied the
relevant reports often lack detail. Of those reports that are published, DBP levels are
rarely above the regulatory limits, typically at low part per billion (ppb) or part per
thousand (ppt) levels, with very rare cases up to 500 ppb.
In one study in Victoria, Australia, however, levels of four trihalomethanes were
measured in water from a sewage treatment plant in Melbourne, from September to
October 2013 (Alexandrou et al. 2015). The targeted compounds were chloroform,
bromodichloromethane, dibromochloromethane and bromoform. Gas Chromatography
with microelectron capture detection used to identify the target compounds. Total tri-
halomethane levels in the wastewater were found to be 17 ± 2 µg/L. The dominant
species was TCMwith a concentration of 7 ± 2 µg/L but no TBMwas observed in any
of the samples (levels shown in Fig. 8.4). The results demonstrate that disinfection
by-products were present in the treated wastewater from the plant and that they are
introduced via the chlorination process itself rather than from a source in the catchment.
The largest increase in concentration before and after chemical disinfection was
observed with TCM, which increased from *1.2 to *7.2 µg/L. Similar trends
were observed for BDCM and DBCM and support the theory that the use of
chlorination as the treatment process yields TCMs with higher concentrations of
chlorinated than brominated species when compared to the use of alternative
methods such as chloramination (Tian et al. 2013). The exception being that TBM
is the major species in the presence of high concentrations of Br. The concentration
Fig. 8.4 Analyte occurrence throughout wastewater treatment at the plant studied
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of TCM fluctuated between samples indicating some variation in the formation/
detection for the duration of the sampling period.
8.4 Conclusions
THM levels in the wastewater analysed are similar to drinking water levels with a
few exceptions, as shown in Table 8.2. There is a limited amount of information
available on the occurrence of THMs in wastewater around the world. As treated
wastewater is increasingly used in agriculture, industry and in some areas for
potable supply there is a need to investigate the environmental problems that may
arise from elevated THM levels along with many other harmful DBPs, which are
emerging as a result of alternative treatment methods. In future, as the use of
recycled water increases, it would be helpful if research is carried out over a large
span of time, looking at both multiple treatment plants and multiple stages of
treatment. This will allow a standard mass balance to be completed, whilst also
pinpointing the stages in treatment that increase or reduce total DBP concentrations
Table 8.2 Concentrations of DBPs observed in both wastewater and drinking water from various
countries as reported in the literature
Wastewater (µg/L)
AUS–QLD
(Watson
et al. 2012)
AUS–WA
(Allard
et al.
2012)
USA
(Krasner
et al. 2009)
NE Spain
(Matamoros
et al. 2007)
Greece
(Nikolaou
et al. 2002)
Iran
(Hassani
et al. 2010)
TCM – 0.34 – – nd–458.5 –
BDCM – 0.05 – – nd–5.8 –
DBCM – 0.035 – – nd–9.7 –
TBM – 0.03 – – – –
TTHM 46–279 0.46 11–92 4.25–54.5 – 5.97–6.05
Drinking water (µg/L)
AUS–VIC
(SEWater
2013)
USA
(Weinberg
et al. 2002)
UK
(Whitaker
et al. 2003)
Canada
(Koudjonou
et al. 2008)
Korea
(Cho
et al.
2003)
China
(Gan
et al.
2013)
TCM 6–83 1–45 17.9–38.1 2.6–15.6 5.38–
13.34
–
BDCM 3–25 1–40 6.4–8.1 4.8–13.1 4.55–9.02 –
DBCM nd–14 nd–25 2.4–5.3 2.0–43.7 1.02–2.28 –
TBM nd–1 nd–19 1.8–2.4 nd–39.1 0.09–0.19 –
TTHM 11–107 4–99 28.5–53.9 16.4–99.6 11.04–
24.03
1.8–33.4
– Indicates no available published data
NB Data for drinking water were selected from the most up to date reports available
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WaterSolid phase extraction is one of themost commonly used pre-concentration and cleanup steps in environmental
science. However, traditional methods need electrically powered pumps, can use large volumes of solvent
(if multiple samples are run), and require several hours to ﬁlter a sample. Additionally, if the cartridge is open
to the air volatile compounds may be lost and sample integrity compromised. In contrast, micro cartridge
based solid phase extraction can be completed in less than 2 min by hand, uses only microlitres of solvent and
provides comparable concentration factors to established methods. It is also an enclosed system so volatile com-
ponents are not lost. The sample can also be eluted directly into a detector (e.g. a mass spectrometer) if required.
However, the technology is new and has not been much used for environmental analysis. In this study we com-
pare traditional (macro) and the new micro solid phase extraction for the analysis of four common volatile tri-
halomethanes (trichloromethane, bromodichloromethane, dibromochloromethane and tribromomethane).
The results demonstrate that micro solid phase extraction is faster and cheaper than traditional methods with
similar recovery rates for the target compounds. This method shows potential for further development in a
range of applications.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Solid phase extraction (SPE) is a simple and effective extraction
technique for isolating target compounds from aqueous solutions. It uti-
lises a small cartridge packed with solid particle, chromatographic ma-
terial (sorbent or resin) that acts much like a high performance liquid
chromatography (HPLC) phase and which utilises partitioning ormethanes;DBP, Disinfection by-
; HAAs, Haloacetic acids; HANs,
ones; TCM, Trichloromethane;
thane; TBM, Tribromomethane;
ectron capture detector; LLE,
s).distribution processes to chemically separate the different components
of a liquid sample (Huck and Bonn, 2000).
SPE was developed in the late 1970s and has been in common use
since the mid-1980s (Huck and Bonn, 2000). Since that time it has be-
comeone of themost powerful and commonly used sample preparation
techniques in analytical and environmental chemistry. It enables
researchers to isolate organic analytes from large volumes ofwater, con-
centrates trace amounts of contaminants to detectable levels and elim-
inates much of the glassware and organic solvents necessary with
liquid–liquid extraction procedures (Jones et al., 2003). Additionally,
by switching from the original environmental matrix to an organic sol-
vent, or ultra purewater, the ﬁnal analysis is simpliﬁed and the demand
placed on analytical instrumentation is substantially reduced (Thurman
and Mills, 1998).
Traditional, cartridge based systems do have some limitations. Pre-
concentration of trace levels may require the ﬁltration of large volumes50
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may take an hour or more to pass through the sorbent bed, which in-
creases the risk of sample degradation (Huck and Bonn, 2000). A vacu-
um manifold and pump are needed, which means that the systems
require electrical power and are not generally portable, meaning that
samplesmust be brought to them, increasing the potential for error. Or-
ganic solvents are also required to elute the samples from the sorbent
and the cartridges themselves are made of non-biodegradable plastic
and are not reusable.
Micro SPE cartridges are a very recent development; the system test-
ed in this study was only brought to market in 2014. These systems
utilise sorbents with a very small particle size of 3 μm, compared to
50–60 μm used in traditional SPE, and thus have a greater surface area
for sorbtion. The cartridges are handheld, and only need microliters of
solvent to condition the sorbent and elute the sample. The cartridges
themselves are reusable up to 100 times (with clean samples). The sys-
tem is also sealed from the external environment so losses of volatile
compounds are minimal. Micro SPE therefore offers great potential in
a range of applications, especially in the environmental ﬁeld.
Despite their clear advantages, there are currently very few studies
assessing the performance of micro SPE systems. Most of the studies
that have been published relate to extracting compounds such as pro-
teins (Tong et al., 1999), cannabinoids (Montesano et al., 2014) or phar-
maceuticals (Shen et al., 2006) from biological matrices such as blood or
urine. There have also been a few studies looking at contaminants in
food (Huang et al., 2012) and wine (Mateo-Vivaracho et al., 2009) but
the use of micro SPE in environmental assessment appears to be limited
to a paper on assessing the use of one form of the technology for trace
cadmium and lead determination, and this required the use of a special
PVC adapter rather than a commercial system as used in this research
(Anthemidis et al., 2011).
The present study is designed to compare and contrast the perfor-
mance of traditional and micro SPE cartridges for extracting volatile
environmental contaminants. The results are intended to demonstrate
the potential of the micro SPE system, primarily for environmental sci-
ence but potentially also for other ﬁelds such as biochemistry and
pharmacology.
Four common trihalomethanes disinfection by-products (DBPs)
were chosen as test compounds. DBPs are classed as contaminants of
emerging concern and may be formed during the chemical disinfection
of water (Watson et al., 2012) DBP formation results from addition,
oxidation or substitution reactions between the chlorine (or other
halogens) and natural organic matter present in the source water
(McCormick et al., 2010). The most commonly observed DBPs are the
trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles
(HANs), haloacetaldehydes (HAs) and haloketones (HKs) (Zhang
et al., 2004). THMs are the most commonly formed DBPs and were
ﬁrst identiﬁed during the chlorination of water in the early 1970s by
Rook (1974). Many THMs are toxic and some, such as trichloromethane
(TCM) are known carcinogens (Watson et al., 2012). Background levels
of these compounds in drinking water are strictly regulated but the in-
creasing use of recycled water in many areas of the world means that
the development of new, fast and economical methods for their extrac-
tion from a range of aqueous samples is of interest, particularly in coun-
tries such as Australia, where water recycling is extensively practised
(Williams et al., 2014). This is important since treated wastewater can
make up a large proportion of freshwater streams and rivers, particularly
in the drier parts of the year and may also be used to water crops and
municipal areas such as sports ﬁelds. If the recycled water has been
chlorinated then DBPs may be present (Sharma et al., 2014). The
attenuation rates of recycled water disinfection by-products in a
natural reservoir system were recently tested and shown to be quite
short, with half-lives ranging from 1.5 to 1.6 days (Williams et al.,
2014). However, the continuous input of these compounds may impart
a formof pseudo-persistence in the sameway as been demonstrated for
pharmaceuticals (Richardson and Ternes, 2014). The potential presenceof these compounds as emerging contaminants in water analysis and 
treatment therefore warrants further investigation.
2. Materials and methods
2.1. Chemicals and equipment
All solvents and chemicals were of N98% purity (HPLC Grade). Stan-
dards of bromodichloromethane (BDCM), dibromochloromethane 
(DBCM) and tribromomethane (TBM) were purchased from Sigma-
Aldrich (Castle Hill, NSW, Australia) while trichloromethane (TCM) 
and methanol were purchased from Merck Millipore (Kilsyth, VIC, 
Australia). The Standard SPE cartridges used were Supelclean™ ENVI-18 
(0.5 g/6 mL and 1 g/6 mL, Sigma-Aldrich, Castle Hill, NSW, Australia) 
and Hypersep™ C-18 (1 g/6 mL, Thermo Fisher Scientiﬁc, Scorseby, VIC, 
Australia) phases. The micro SPE C-18 (3.7+/−0.2 mg/8 μL) cartridges 
were obtained from ePrep Pty Ltd. (Ringwood, VIC, Australia). Whatman 
ﬁlters were obtained from Thermo Fisher Scientiﬁc.
2.2. Spiking and recovery studies
Recovery studies were carried out for both the traditional and micro 
SPE systems using both Milli Q (18.2 M Ω) and Class A recycled water 
collected from Wastewater Treatment Plants (WWTPs) in western and 
south-eastern Melbourne. Class A water is deﬁned by Environmental 
Protection Agency Victoria (2003) as having been treated to a ‘ﬁt for  pur-
pose’ standard for; urban (non-potable) uses with uncontrolled public ac-
cess; agricultural use e.g. human food crops consumed raw or industrial 
standard — open systems with worker exposure potential. Recycled 
water is of particular interest in Australia; this resource is increasingly 
being used tomake up for  shortages from other sources and this increases 
increasing the potential for humans to be exposed to any contaminants 
contained within it.
Enough water samples were collected to run replicate samples for 
both forms of extraction. Twelve litres of water was collected for stan-
dard SPE but for micro SPE, only around 100 μL was needed per extrac-
tion so only a one-litre sample was collected. All samples were left open 
to the atmosphere for 48 h prior to analysis to ensure all volatile compo-
nents were removed prior to spiking and all water samples were
spiked with standards of each THM to a concentration of 0.1 mg/L.
The water from the WWTP was ﬁltered using ﬁrst 100 μm and  then
0.25 μm Whatman ﬁlters to remove particulates before extracting for 
standard SPE but the micro SPE cartridges did not require ﬁltering be-
fore extraction. All primary studies; including extractions used to ob-
serve effect of varied ﬂow rates, were run in triplicate. Recovery tests 
were completed using 9 replicates Milli Q and Wastewater extractions 
for traditional cartridges (with an extraction time of 120 min) or 12 
replicates for the micro SPE system.
2.3. Solid phase extraction
Two forms of a solid phase extraction (SPE) were used to extract the 
target compounds from the sample matrix as an alternative to methods 
based on liquid–liquid extractions (LLEs) and Purge and Trap systems 
(Allard et al., 2012; Pavon et al., 2008). The methods tested were the tra-
ditional vacuum manifold based system and the new SPEed® micro car-
tridge SPE system from ePrep Pty Ltd.
For the standard SPE system the method outlined in Gioia et al.
(2004) was used, with the exception that the elution solvent was meth-
anol rather than pentane as the former was found to give better recov-
eries. Preliminary recovery testing was performed using Supelclean™ 
ENVI-18 (500 mg/6 mL), Supelclean™ ENVI-18 (1 g/6 mL) and 
HyperSep™ C-18 (1 g/6 mL) traditional cartridges; both the highest re-
coveries and most reproducible results were obtained with the C-18 
sorbent. The ﬁnal method involved pre-treatment of the cartridges by 
activating with 4 mL of acetonitrile, followed by 4 mL of Milli Q water51
Fig. 1. Photograph showing a u-SPE cartridge (a) and a standard SPE cartridge (b).
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(a)
(b)(ﬁltered in-house with a 0.25 μmWhatman ﬁlter). An aliquot of 100 
mL of the ﬁltered sample was then passed through at a ﬂow rate of 
approx-imately 0.8 mL/min. The retained THMs were then eluted with 
1 mL of methanol and this aliquot was then used for the ﬁnal analysis.
The ePrep® system is shown in Fig. 1. The dimensions of the 
sorbent bed were 2.1 mm by 2.3 mm, the bed volume was 8 μL and 
aspiration ﬂow path volume (needle and valve) was 4 μL. The 
cartridge incorpo-rates a one-way micro check valve that enables the 
sample, reagents and solvents to be aspirated directly into the syringe 
barrel and then al-lows liquid at high pressure to be directed through 
the sorbent bed and out of the needle. For the interested reader, 
further details of the system can be seen at the manufacturer's 
website (ePrep, 2014). As the C18 sorbent had already shown have the 
best recovery rates for the compounds under study during preliminary 
testing this sorbent used for the micro SPE system.
The cartridges were used as per the manufacturer's instructions; 
these were to i) precondition the sorbent with 50 μL of an organic 
sol-vent (methanol), ii) condition with 50 μL of ultra pure water, iii) 
take up 100 μL of sample, iv) wash with 100 μL of water, and then v) 
to elute with 50 μL of organic solvent. A number of solvents were also 
test-ed for their extraction efﬁciency of the four analytes with the 
micro car-tridges with methanol again found to give the best results 
(see Table 2). Two, 100 µL aliquots of organic solvent were also 
included as a wash step to ensure the sorbent was clean. These ﬁnal 
two aliquots were analysed for THMs in the same way as the sample 
aliquot to assess if sample carryover occurred. The ﬂow rate was ~100 
μL a minute and the cartridges were stored with a solution of 10% 
methanol/90% water on the sorbent bed when not in use.
2.4. Analytical methods
All extracts were analysed using a modiﬁed version of the US EPA 
method 551 (Hodgeson and Cohen, 1990). Analyses were performed 
using an Agilent 6890 Series Gas Chromatograph with micro-Electron 
Capture Detection (μECD). Chromatographic separations were 
complet-ed using a SGE BP264 column 30 m × 220 μm, 1.2 μm ﬁlm 
thickness (SGE Analytical Science, Ringwood, VIC, Australia). Cartridge Sample matrix Extraction time Solvent
Supelclean™ ENVI-18 0.5 g/6 mL Pure 10 min Methanol
Supelclean™ ENVI-18 0.5 g/6 mL Pure 66 min Methanol
Supelclean™ ENVI-18 0.5 g/6 mL Pure 135 min Methanol
Supelclean™ ENVI-18 1 g/6 mL Pure 120 min Methanol
HyperSep™ C-18 1 g/6 mL Pure 120 min Methanol
HyperSep™ C-18 1 g/6 mL Pure 120 min Methanol
HyperSep™ C-18 1 g/6 mL Wastewater 120 min Methanol
ePrep SPEed© C-18 3.7 ± 0.2 mg/8 μL Pure b2 min Methanol
ePrep SPEed© C-18 3.7 ± 0.2 mg/8 μL Wastewater b2 min Methanol
Injections of 1 μL
Table 1
Recoveries of each THM using the micro SPE system and eluting with selected solvents.were made with a split ratio of 50:1, where the injection port was
kept at 220 °C and the detector temperature at 230 °C. The GC oven
was set to a temperature programme beginning at 35 °C for 1 min,
then heated to 230 °C at 25 °C/min. The total run time was 8 min. The
carrier gas used was H2, ﬂowing at a constant rate of 1.6 mL/min
which resulted in the following elution times, TCM = 3.18 min,
BDCM= 4.08 min, DBCM= 4.95 min and TBM= 5.77 min.
To ensure the correct identiﬁcation and quantiﬁcation, three control
criteria were used:
1. The observed retention times (within ± 0.1 min) were required to
match the times found when identifying the analyte peaks with the
use of standard solutions.
2. The signal-to-noise ratios for all quantiﬁed peakswere required to be
greater than 10:1.
3. The extraction recoveries were required to be reproducible for three
sets of triplicate samples.
All wastewater sample runs were completed with both laboratory
blanks and spiked blanks, to ensure that constant recoveries were 
being achieved for each extraction undertaken. Laboratory blanks 
were also tested after every 20 samples. No signals were detected in 
these samples.
3. Results and discussion
3.1. Recoveries
The maximum recoveries achieved for the four THMs in spiked 
samples of Milli Q water and wastewater are shown in Table 2. It can 
been seen that the micro SPE system gives substantially better recover-
ies than the traditional SPE method for three of the compounds (TCM, 
TBM and BDCM) and comparable results for the remaining one (DBCM) 
in the Milli-Q water. Lower recoveries for both types of SPE were observed 
when using the spiked wastewater but the micro SPE system still substan-
tially outperformed the traditional system for this matrix.
The spiking levels of 100 ppb used in the recovery testing were cho-
sen to ensure all analyte peaks were well above the limit of quantiﬁca-
tion (deﬁned as a 10× the signal to noise ratio) and this was successful. 
Indeed, obtaining half the signal response observed, or even a 10th 
would still have given usable data. It would also have been possible 
to pass more extractions of water through on the same micro 
cartridge to increase the amount of analyte sorbed to boost the 
recovery of com-pounds present at lower concentrations if needed.
All recoveries were slightly lower than those reported for liquid–liquid 
extraction, 78% (DBCM) to 138.4% (TCM) and purge and trap analysis; 
86% (TCM) to 124% (BDCM) (Nikolaou et al., 2002). However, the results 
obtained in the present study were high enough for use, as well as being 
reproducible (see Tables 1 and 2). Both SPE systems required minimal use 
of solvents and glassware. The micro SPE system was also much faster 
(b2 min compared to over 2 h) and used microliters of solvent compared 
to millilitres for the traditional SPE system.Sample volume Eluted volume Recovery %
TCM BDCM DBCM TBM
100 mL 10 mL 2 ± 14 10 ± 15 33 ± 16 46 ± 15
100 mL 10 mL 12 ± 6 22 ± 8 40 ± 10 47 ± 12
100 mL 10 mL 17 ± 7 27 ± 11 45 ± 14 74 ± 14
100 mL 10 mL 33 ± 2 53 ± 4 67 ± 6 74 ± 8
100 mL 10 mL 30 ± 11 50 ± 12 72 ± 12 82 ± 11
100 mL 1 mL 24 ± 23 36 ± 23 38 ± 22 33 ± 21
100 mL 1 mL 11 ± 13 21 ± 13 26 ± 13 24 ± 12
100 μL 50 μL 50 ± 7 72 ± 8 63 ± 10 83 ± 15
100 μL 50 μL 39 ± 20 54 ± 10 58 ± 10 55 ± 17
52
Table 2
Comparison of the percentage recovery of each THM with the various forms of SPE assessed.
Solvent Sample type Average recovery % ± % RSD Pre-concentration
TCM BDCM DBCM TBM
Methanol Milli Q 50 ± 7 72 ± 8 63 ± 10 83 ± 14 2×
Methanol Wastewater 39 ± 20 54 ± 10 58 ± 10 55 ± 17 2×
Acetonitrile Milli Q 52 ± 15 70 ± 15 73 ± 18 64 ± 19 2×
Acetonitrile Wastewater 48 ± 18 54 ± 13 41 ± 18 27 ± 27 2×
Acetone Milli Q 41 ± 7 72 ± 8 46 ± 8 68 ± 8 2×
Iso-propyl alcohol Milli Q 47 ± 34 87 ± 35 56 ± 34 85 ± 34 2×
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Standard SPE cartridges are one-use only and are thrown away after
the elution step. This is bothuneconomical (as the cartridge has to be re-
placed) and environmentally unfriendly as SPE cartridges are plastic
and do not break down quickly in landﬁll. In contrast, micro SPE car-
tridges are designed like small HPLC columns and are thus marketed
as being reusable. As described in Section 2.3 this was tested by running
three, 100 µL volumes of methanol through each cartridge after eluting
the sample. The results of this can be seen in Fig. 2. It can be seen that
while sample carry over from the elution step to the ﬁrst and second
wash steps is minimal, it does occur and so it is important to include
at least three wash steps after each sample has been eluted. In addition,
when extracting from wastewater the cartridge became visibly dirty
after 12 uses (a thick black line appeared above the sorbent bed), al-
though in these 12 extractions there was no change in recovery rates.
The results of this study show that themicro SPE cartridges are supe-
rior to the traditional SPE system in every way for the analysis of THMs.
Micro SPE cartridges utilise a much smaller particle size (3 μm com-
pared to 50 μm for normal SPE) and this appears to offer a much more
efﬁcient separation of compounds of interest from the interfering ma-
trix. The resulting increase in resolution enables similar or better recov-
ery rates to be obtained than with traditional SPE but with the use of
much less sample and solvent (μL rather than mL or L). The cartridges
are also reusable, thus extending their working life.4. Conclusions
This study has shown that micro solid phase extraction can provide
an innovative method of detection of THMs that is faster, cheaper and
greener than traditional methods. Since themicro SPE system could po-
tentially be used in any study where solid phase extraction is needed
there is a wide scope for the development of a wide range of sample
preparation applications in the hydrosphere, biosphere, and atmo-
sphere and to greatly inﬂuence environmental and analytical chemistry.Fig. 2. GC–ECD chromatograph of Milli Q water spiked with 0.1 mg/L of each compound
showing the retention time of the four THMs analysed in the elution step as well as the
ﬁrst two wash steps and a blank.Acknowledgements
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Abstract: Chemical disinfection of water supplies brings significant public health benefits by reducing
microbial contamination. The process can however, result in the formation of toxic compounds
through interactions between disinfectants and organic material in the source water. These new
compounds are termed disinfection by-products (DBPs). The most common are the trihalomethanes
(THMs) such as trichloromethane (chloroform), dichlorobromomethane, chlorodibromomethane
and tribromomethane (bromoform); these are commonly reported as a single value for total
trihalomethanes (TTHMs). Analysis of DBPs is commonly performed via time- and solvent-intensive
sample preparation techniques such as liquid–liquid and solid phase extraction. In this study,
a method using headspace gas chromatography with micro-electron capture detection was developed
and applied for the analysis of THMs in drinking and recycled waters from across Melbourne
(Victoria, Australia). The method allowed almost complete removal of the sample preparation step
whilst maintaining trace level detection limits (>1 ppb). All drinking water samples had TTHM
concentrations below the Australian regulatory limit of 250 µg/L but some were above the U.S.
EPA limit of 60 µg/L. The highest TTHM concentration was 67.2 µg/L and lowest 22.9 µg/L. For
recycled water, samples taken directly from treatment plants held significantly higher concentrations
(153.2 µg/L TTHM) compared to samples from final use locations (4.9–9.3 µg/L).
Keywords: trihalomethanes; disinfection by-products; headspace; gas chromatography; separation science
1. Introduction
Disinfection by-products (DBPs) are formed through interactions between disinfectants and
organic matter during the chemical treatment of water [1]. Currently, there are >600 known
disinfection by-products [2], with this number increasing each year. A common class of DBPs are
the trihalomethanes (THMs), which are readily formed through the treatment of waters containing
organic matter [3] and via the breakdown of other DBPs [4,5]. This group is generally limited to the
four most commonly observed species: trichloromethane (TCM), bromodichloromethane (BDCM),
dibromochloromethane (DBCM) and tribromomethane (TBM) [6]. These four compounds are the
basis for current THM regulatory limits, most commonly reported as the total trihalomethane (TTHM)
concentration [7], which is the sum of the concentration of the above mentioned compounds [8].
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Recently however, there has been a surge in interest in other THMs, such as iodinated and brominated
compounds, increasing the number of potential THMs observed [9,10].
Most DBPs are highly toxic and thus strictly regulated in drinking water, although regulatory
limits differ greatly between countries. Australia has a limit of 250 µg/L TTHMs; other countries are
stricter and range from 60 µg/L (U.S.) to 100 (EU) µg/L [11]. The analysis of THMs is commonplace
for drinking water to ensure compliance with these regulatory limits, and there are a number of
standardised methodologies used for their analysis [6]. The more common analytical methods include
direct aqueous injections, extraction techniques such as liquid–liquid extraction [12,13] and solid-phase
extraction [14], solid-phase micro-extractions [15], dynamic headspace techniques (purge and trap) [16]
and other headspace techniques [4].
In the case of THM analysis, the above methods are all widely used, dependent on access
to equipment, though all have drawbacks. Liquid-liquid extractions generally have a higher
contamination risk, due to direct interaction with multiple solvents. Solid-phase extractions have
low recoveries and are commonly slower, thereby increasing potential sample loss, though this can
be mitigated with smaller scale extractions. Solid-phase micro-extractions though relatively cheap
and effective, are mostly perceived as semi-quantitative but are commonly employed due to their
ease of use. Dynamic headspace techniques are the most widely used method, but are also more
time consuming than other methods, whilst also highly dependent on specific equipment set-up.
Static headspace techniques have a wide application due to their potential higher selectivity (under
optimized conditions) but are less commonly used compared to dynamic headspace methods which
are more flexible in application.
In the past, static headspace techniques have been frequently shown to yield high sensitivities
for DBPs due to the latter’s inherent volatility, with the majority of these methods using solid-phase
micro-extraction (SPME) [6]. An alternate to the SPME is the use of a direct headspace technique.
This removed the need for an optimised SPME fibre, relying instead on the volatility of the target
analytes [17,18]. This method does increase total analysis time as it requires an agitation/heating
period as well as chromatographic separation but this step can be fully automated and the method
as a whole requires minimal sample preparation. This means it can provide a quick and simple, yet
accurate, analysis from a raw sample.
The aim of the present study was to develop a direct headspace technique for the rapid analysis
of THMs, without the need for prior sample preparation and then apply this method to drinking water
and recycled waters in and around Melbourne (VIC, Australia).
2. Materials and Methods
2.1. Chromatographic Separation
Sample analysis was performed using an Agilent 6890 series gas chromatograph (GC) with
micro-electron capture detection (µECD). Chromatographic separations were completed using a SGE
BP264 column (30 m × 220 µm film thickness) obtained from SGE Analytical science (Ringwood, VIC,
Australia) and a split ratio of 10:1. The instrumental operating conditions are shown in Table 1.
Table 1. Gas chromatograph operating conditions.
Parameter Conditions
Injection volume 500 µL
Carrier Gas H2, 1.6 mL/min, constant flow
Make-up gas Nitrogen, 60 mL/min
Split ratio 10:1
Injector temp 220 ◦C
Detector temp 230 ◦C
Oven program 35 ◦C for 1 min, then 25 ◦C/min to 230 ◦C held for 1.20 min(total runtime 10 min)
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2.2. Reagents
2.2.1. Reagent Water
Standards and blanks were prepared from ultrapure water at 18 mΩ using an Ultrapure water
system (Millipore, North Ryde, NSW, Australia). The water was placed in an ultrasonic bath and
sonicated for 1 h before use to remove any residual volatile components that might have interfered
with analysis.
2.2.2. Standard Solutions
Stock solutions were prepared from standards solutions (all in HPLC grade solvents (≥98 %
Purity) of each of the four target THMs and the internal standard. Individual standard solutions
of bromodichloromethane (BDCM), dibromochloromethane (DBCM), tribromomethane (TBM) and
1,2-dibromopropane (1,2-DBP) were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia),
while trichloromethane (TCM) and methanol (MeOH) were purchased from Merck Millipore (Kilsyth,
VIC, Australia).
Primary stock solutions were prepared individually by weight for each of the analytes, using the
primary stock solutions to prepare a standard mixture of the four THMs at 100 mg/L in MeOH,
alongside an individual standard of the internal standard (1,2-DBP) at the same concentration.
Intermediate stock solutions at 2, 1, 0.1, 0.01 mg/L in MeOH were prepared by the dilution of
the standard mixture with MeOH (internal standard intermediate prepared at 1 mg/L in MeOH).
Calibration standards were prepared from the stock solutions directly into 20 mL vials in a
range of 0.1 to 100 µg/L. The total volume of each sample was 10 mL leaving a headspace volume of
10 mL. All samples were spiked to a level of 10 µg/L of the internal standard (diluted from 1 mg/L
intermediate stock solution). Parallel to creation of the calibration standards, spiked standards were
prepared using drinking water and environmental waters and analyzed to test for any potential matrix
effects. All spiked standards were sonicated before addition to remove residual THMs. Due to the
similarity between ultrapure water and drinking water, there were no observed matrix effects other
than residual THM presence in the potable samples.
Individual standards of each THM were also tested to identify their retention times. To ensure
the accuracy of standard preparation, calibration standards were run on multiple occasions during
method development and application.
2.3. Water Sample Collection and Preparation
In order to test this method on real environmental samples, samples from a variety of water
sources that had undergone chemical treatment, were tested. Sampling was completed on a wide
range of tap water samples from across Melbourne, Australia. The sampling locations can be seen in
Figure 1.
Drinking samples were collected from residential taps directly into headspace sample vials.
At each site, six water samples were collected. Three samples were collected as soon as the tap was
turned on after having been left closed overnight and three samples were collected after the tap had
been running for 10 min. At each sampling site, a field blank was also employed. This consisted of
a sampling vial prefilled with sonicated Milli Q water containing no DBPs. This vial was left open
throughout the period of water collection to test for background DBPs at each sampling site (NB: no
background DBP contamination was found at any site).
Recycled water sources were also sampled alongside drinking water samples as a comparison.
Recycled waters were collected from two inner city fountains in Melbourne. Class C and Class A
recycled waters were also sampled directly from a water treatment plant in Eastern Melbourne. Class C
and Class A water samples were collected directly from taps at the treatment works directly after the
relevant treatment stage. Class C recycled water is the product of physical and biological treatment
while Class A water is Class C water that has undergone chemical treatment, in this case chlorination.
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The recycled water samples were prepared in headspace vials in the same manner as the drinking
water samples. All were analyzed within 24 h of collection.Int. J. Environ. Res. Public Health 2017, 14, 527  4 of 9 
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2.4. Procedure for Headspace Extraction on Calibration Standards and Samples
Headspace extractions were completed using 20 mL headspace vials with magnetic screw top
vial lids purchased from Agilent technolo ies (Mulgrave, VIC, Australia). Prior to use, each vial was
baked at 150 ◦C for 60 min prior. Before injection, samples were heated at a temperature of 30 ◦C for
30 min and agitated at 500 rpm for 30 mi . After the agitation/heating period, the vial headspace was
sampled, using a 2.5 mL syringe (injectio volume of 500 µL). Between aspiration and injection of the
sample into the GC, the syringe was kept at a temperature of 35 ◦C. The syringe was flushed with
N2 gas for 10 s between each sample. The extraction method was fully a tomated using vials with
magnetic caps.
Prior to real-world sampling, standard mixes of other commonly occurring DBPs and halogenated
volatiles were analyzed to identify potential interference peaks in any given chromatogram due to the
high sensitivity and specificity (for halogenated compounds) of the µECD. The separation method was
t en optimized to account for other potential components.
Quantification of the four analytes was performed using peak area ratios of the analyte relative
to the internal standard based on a multi-level calibration of 0.1 to 100 µg/L (relative peak area as a
function of concentration). All standards and samples were analysed in triplicate.
3. Results
3.1. Linearity and Analyte Calibration
The linear range of the method was evaluated by plotting calibration curves of the relative peak
area (analyte relative to the internal standard) for each analyte versus the concentration. Standard
calibrations were plotted for concentrations ranging from 0.1 to 100 µg/L. The curves obtained showed
linearity for each analyte across the calibration range. Concentrations above 250 µg/L were not
analysed as any concentration above this level would exceed the current Australian regulatory limit
for THMs (250 µg/L TTHMs).
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3.2. Limits of Detection and Analysis Robustness
The sensitivity of the headspace method was considered in terms of limit of detection and limit of
quantification (LOD and LOQ respectively). These calculations were conducted using nine replicate
samples at an estimated method limit, as per the U.S. EPA’s method detection limit [19]. The results
can be seen in Table 2. The repeatability for the nine replicate samples was also scrutinized, a %RSD
for the target analytes of between 2.4 to 4.3% at the tested standard concentrations of 1 µg/L was
observed, indicating that the method was performed properly.
Table 2. Limits of detection (LOD) and limits of quantification (LOQ) for the target analytes.
Analyte LOD (ppb) LOQ (ppb)
Trichloromethane (TCM) 0.14 0.47
Bromodichloromethane (BDCM) 0.09 0.32
Dibromochloromethane (DBCM) 0.10 0.35
Tribromomethane (TBM) 0.14 0.47
Since THMs are highly volatile, the method was also analysed to test for potential sample loss due
to the vial septa being pierced multiple times during analysis. For this test, two sets of standard runs
were initiated in which a single sample was analysed 20 times in succession. The first set of runs was
performed as the method would run (30 min agitation/heating). Then, the second set of runs allowed
an extra 30 min between each agitation period. The observed analyte response was normalized to the
internal standard. Graphs of the results of these tests can be seen in Figure 2.
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Figure 2. Consecutive runs of individual standards (each analyte 10 µg/L). Each sample was
run 20 times in a row, with no interval between sample agitations (left column) and with 30 min
intervals between agitations (right column). The upper plots show the peak area of each visible peak
(four trihalomethanes (THMs) and internal standard) while the lower plots show the areas of the THMs
when normalised to the internal standard.
3.3. Effect of Salt Addition
Literature headspace methods, both dynamic and static, generally involve the addition of a salt
before agitation/heating to increase volatilisation of the target analytes [20]. To test the effect of salt
60
Int. J. Environ. Res. Public Health 2017, 14, 527 6 of 9
addition, spiked standards were analysed after the addition and dissolution of salt (sodium sulphate)
at varying masses, (dissolved masses of up to 2 g were tested). Using the maximum salt addition for a
10 µg/L sample, signal responses were increased by approximately a factor of 3–4. A comparison of
spiked standards, with and without added salt, can be seen in Figure 3.
As the aim of the developed method was to remove sample preparation steps as far as possible,
a salt addition was not used for the final method. Though the addition of salt greatly increases the
analyte responses and thus the detection limits, there was also an increase in the background noise.
In addition, the detection limit using non-salted samples was well below reported environmental
concentrations so the extra sensitivity provided by salt addition was not needed.
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(4.90 min), 1,2-DBP as internal standard (5.38 min) and TBM (5.75 min) with one sample salted and one
not salted. Inset table indicates the peak areas of the target analytes in both samples.
3.4. Occurrence Studies
The analysed samples covered 17 metropolitan locations, as well as four recycled water sources.
The metropolitan sources were residential drinking water taps, and were grouped according the
location’s water supplier. This formed four groups (three groups of five locations; one group of two
locations). In all samples, the signal responses for TCM, BDCM and DBCM were above both the LOQ
and LOD.
4. Discussion
The method developed in this work was tested on samples collected from a variety of locations
in Melbourne; the majority being drinking water, with some recycled water samples also tested
for comparison. The samples were untouched from collection to analysis (no filtration or sample
pre-concentration). Each sample was prepared and analyzed from the raw state in approximately
40 min. Taken together, the data show that the method used is quicker than existing methods and
feasible for environmental applications.
In all samples, the signal responses for TCM, BDCM and DBCM were above both the LOQ and
LODs. In the case of TBM, the compound was rarely observed. No samples were found to have
concentrations greater than the Australian drinking water guidelines of 250 µg/L TTHM. For the
tested areas (See Table 3), Group 1 had a high TTHM of 67 µg/L and low of 24 µg/L; Group 2 had
a high of 45 µg/L and low of 26 µg/L; Group 3 had a high of 56 µg/L and a low of 35 µg/L.
61
Int. J. Environ. Res. Public Health 2017, 14, 527 7 of 9
Table 3. Summary of THM occurrence data in analysed drinking and recycled waters.
Group Sample Location Analyte Concentrations (µg/L) (%RSD)
TCM BDCM DBCM TBM TTHMs
Drinking Water
1 1 19.6 (5.1) 4.0 (4.3) 1.6 (2.3) ND 25.2
2 20.7 (1.6) 8.6 (1.5) 6.7 (1.1) 0.7 (57.6) 36.7
3 47.3 (1.9) 4.7 (1.1) 0.9 (0.4) ND 52.9
4 56.4 (3.6) 4.9 (2.8) 0.9 (0.7) ND 62.2
5 56.4 (3.6) 4.9 (2.8) 0.9 (0.7) ND 62.2
2 6 35.5 (3.1) 6.1 (2.7) 3.1 (2.4) ND 44.8
7 21.9 (1.6) 4.4 (1.1) 1.7 (0.8) ND 28.0
8 26.6 (5.6) 8.9 (5.2) 6.1 (2.8) ND 41.7
9 21.6 (5.4) 9.3 (4.8) 7.1 (3.0) 1.0 (2.2) 39.0
10 17.9 (1.8) 10.5 (1.6) 8.3 (1.6) 1.1 (1.2) 38.0
3 11 29.4 (1.8) 7.2 (1.5) 2.2 (1.6) ND 38.9
12 57.6 (3.0) 5.3 (1.8) 1.0 (0.5) ND 63.9
13 27.6 (0.9) 7.0 (0.3) 2.3 (0.2) ND 36.9
14 27.3 (0.7) 7.1 (1.1) 2.3 (0.8) ND 36.8
15 35.0 (2.5) 15.1 (1.3) 10.0 (1.0) 1.2 (1.1) 61.2
4 16 39.9 (1.3) 6.1 (0.3) 2.4 (1.9) ND 48.4
17 *
28.2 (4.6) 8.3 (3.3) 5.3 (8.8) ND 41.8
31.1 (1.5) 7.6 (1.2) 4.3 (2.6) ND 43.0
29.2 (3.7) 7.6 (1.7) 4.5 (5.7) ND 41.3
Recycled Water
Fountain 1 1.5 (2.9) 1.1 (0.9) 1.7 (1.5) 5.0 (1.7) 9.3
Fountain 2 2.2 (0.7) 1.4 (0.5) 1.3 (0.6) ND 4.9
Class C water 2.8 (0.9) 0.7 (0.4) ND 1.0 (4.4) 4.5
Class A water 117.6 (3.2) 27.1 (2.2) 7.2 (2.9) 1.4 (6.6) 153.2
* Tap water was sampled and analysed on multiple days, ND = Not detected.
Samples of Class A and Class C recycled water were collected directly from the treatment plants
and therefore show the THM concentrations present at the completion of the appropriate stage of
treatment. In the case of Class C water, the observed concentrations were low as expected (Class C
water having not undergone any chemical treatment). Class A water concentrations were very high.
Although still below the Australian guideline limits of 250 µg/L, they did in some cases exceed limits
set elsewhere. Recycled waters sampled from inner city fountains had concentrations of approximately
5 µg/L TTHMs, indicating substantial loss of THMs during transit in the water distributing system
and/or via volatilization due to sampling locations being in the open air.
Concentrations of THMs in drinking water samples from areas served by the same water utility
(and which therefore would have been produced at the same plant) were similar, with minor differences
arising due to distance of the sampling point from a given plant. In general, the further a sampling
point was from the source plant, the higher the residence time and the greater the loss of analyte.
However, it should be noted that water “age” can also be influenced by velocity in the pipes and water
demands from the population. Increased residence time was also the most likely cause of a drastic
difference in concentration of the recycled water samples compared to the drinking water samples
since recycled water generally has a holding period before distribution to reduce levels of any residual
pathogens that may be present.
An interesting trend was seen in the group 3 samples, where all five locations are from a single
plant (the locations were all sampled within 3 days of each other). In this case, the trend for decreasing
TCM levels with distance held true but there was an increase in the overall level of brominated THM
species present. The increase in brominated species is odd as while the treatment process will add
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residual disinfectant to maintain water quality through transit, it never involves the introduction of free
bromine. This result may be due to a bromine source (perhaps infiltration by groundwater) somewhere
along the pipeline but more detailed and long-term analysis would be needed to determine this.
It is worth considering that headspace methods can be hampered by background interference
from other DBPs present in the sample since most DBPs are highly volatile and can be released from
solution during the extraction. The major interference in the case of THMs is that of haloacetic acids
and haloacetonitriles, both of which have been shown to break down into THMs [4], providing false
readings of both groups. In the present study, the volatilisation of other DBPs was eliminated by
using a lower temperature and reduced agitation time and salt concentration than typical headspace
methods [20,21]. This also allowed a much shorter analysis time of 10 min compared to the 20–30 min
runtimes that are common for the analysis of multiple DBPs.
5. Conclusions
A headspace gas chromatography (HS-GC) was developed and applied to the analysis of
trihalomethanes (THMs) in drinking and recycled waters. The aims of this work were to (i) develop a
new direct headspace technique for the rapid analysis of THMs that removed or reduced the need for
prior time-consuming sample preparation and (ii) to apply the developed technique to raw drinking
water and recycled water samples. The method was successfully developed to reduce or remove typical
sample preparation steps, such as salt addition, pre-concentration and filtration, to analyse samples
directly from the source with minimal external influences. A sample volume of 10 mL (1:1 sample:
headspace ratio) with an extraction time of 30 min at 30 ◦C were the observed optimal conditions for
the analysis of THMs. The method achieved limits of detection below 0.5 µg/L for the four analysed
compounds (trichloromethane, dichlorobromomethane, bromodichloromethane and tribromomethane)
in a variety of sample matrices. The total trihalomethane concentrations in the tested drinking water
samples did not exceed the Australian regulatory limits of 250 µg/L, but were in some cases, just
above the U.S. EPA limit of 60 µg/L. Through the use of this headspace method, sample preparation
time was reduced to less than 1 min per sample, achieving a high throughput method that has great
potential for the rapid analysis of THMs in drinking and recycled waters.
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Fast analysis of multiple haloacetic acids and nitrosamines in 
recycled and environmental waters using liquid chromatography-
mass spectrometry with positive-negative switching and multiple 
reaction monitoring. 
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Lydon D. Alexandrou,a Christopher Bowenb and Oliver A. H. Jones *aDisinfection by-products, such as haloacetic acids and nitrosamines,
are toxic compounds that commonly occur in chemically treated
water. They are formed through reactions between chemical disin-
fectants and both natural and anthropic organic matter. Levels of
disinfection by-products in drinking water are regulated worldwide
due to their known health eﬀects, making their continued, fast and
accurate analysis very important. Monitoring is particularly signiﬁcant
in areas that practise augmentation of potable water with recycled
sources such as Namibia and Singapore. Disinfection by-products
come in many forms and the analysis of diﬀerent groups is typically
undertaken separately, each requiring diﬀerent extraction and sepa-
ration techniques. Both gas chromatography and high-performance
liquid chromatography may be used and, in both cases, USA EPA
and ISO methods exist in addition to methods published in scientiﬁc
journals. In this study a new method is presented that utilises liquid
chromatography hyphenated triple quadrupole mass spectrometry
with positive–negative switching within a single run. This approach
allows for the analysis of 11 compounds, (5 haloacetic acids and 6
nitrosamines), within 6 minutes. Limits of detection were 0.05–0.1
parts per billion (mg L1). The method signiﬁcantly speeds up the
analysis time for disinfection by-products, removes the need for
extraction and preconcentration, and may have beneﬁts for the water
and environmental industries amongst others.1. Introduction
The presence of disinfection by-products (DBPs) in treated
waters has been of concern since the 1970s. Previously, research
and monitoring of DBPs has focussed on potable waters.
However, as climate change and population growth make the
generation and use of renewable water sources more attractive,
there has been a concomitant increase in interest in the
possible presence of DBPs in recycled waters.1ion Science (ACROSS), School of Science,
ne, VIC 3001, Australia. E-mail: oliver.
Tel: +61 3 9925 2632
gton Rd, Parkville, VIC 3052, Australia
Chemistry 2019There are over 600 possible DBPs but only 14 are currently
regulated in potable water.2 These include trihalomethanes,
haloacetic acids, oxyhalides and, more recently, nitro-
sodimethylamine (NDMA).3 Robust, validated methods are
available for all regulated compounds4 but current techniques,
require large sample volumes for pre-concentration, and/or
present several common issues during analysis.5 The use of
gas chromatography (GC) is problematic for example, as many
DBPs are thermally labile and can readily degrade (an example
being the decomposition of trihaloacetic acids to trihalometh-
anes).6 Another issue is that many DBPS, including nitrosa-
mines and haloacetic acids have low octanol/water coeﬃcients
making them diﬃcult and time consuming to extract from
water.7
The use of analytical methods that do not require high
temperatures, such as liquid chromatography (LC), is possible
for the analysis of DBPs. While such methods can reduce the
chance of analyte breakdown, the degradation of high molec-
ular weight DBPs to smaller ones has still been shown to occur
during LC based analyses.8 LC based methods are also oen
unable to achieve the detection limits required for regulatory
purposes. LC methods are available for both haloacetic acids9
and nitrosamines,10 but are rarely used due to the time and
diﬃculty involved.11 Because of these issues, GC based methods
are still generally favoured over LC based ones for DBP testing
despite the inherent analytical challenges.3,12 Many excellent
review articles cover the various methods published for DBP
analysis. The interested reader is directed to these if they
require further information on the topic.2,12–14
An additional problem in DBP testing is that while there are
many standard methods available,4 nearly all of them have not
been updated since their initial creation and validation. These
methods generally have long chromatographic separation
times, hovering close to 30 minutes,4 especially when multiple
compounds are being analysed for at once. The total analysis
time is further extended due to the extraction methods required
before analysis.12 Most methods require extensive pre-
concentration of the samples to bring analyte concentrationsAnal. Methods
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View Article Onlineabove detection limits, indeed nitrosamine analysis can require
a 2000-fold preconcentration step.15
Many DBPs also require derivatization, haloacetic acids
being a good example. Typical standard methods for these
compounds use GC-MS and require an acidic methanol deriv-
atization step to diﬀerentiate their breakdown products from
those of trihalomethanes.6 Derivatization methods increase
precision and accuracy but also increase the potential for error
and the analysis time signicantly.16,17 There is therefore a need
to develop new analytical methods that are fast, accurate and
eﬀective in a regulatory setting.
In this paper we outline a new HPLC based method using
positive–negative switching and multiple reaction monitoring
(MRM) mass spectrometry for the fast analysis of multiple
haloacetic acids and nitrosamines, in recycled and environ-
mental waters, in a single separation, without the need for
extraction or derivatization. The method achieves estimated
detection limits signicantly below current regulatory limits
and may therefore interest groups monitoring for DPBs,
including the water industry and environmental health
regulators.2. Experimental
2.1. Chemicals
All solvents and chemicals were of >98% purity (HPLC Grade).
Pre-made standard chemical mixes, totalling 13 analytes, were
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
The specic standard mixes used were, the ‘EPA 552 Haloge-
nated Acetic acids mix,’ containing bromoacetic acid (MBAA),
bromochloroacetic acid (BCAA), chloroacetic acid (MCAA),
dibromoacetic acid (DBAA), dichloroacetic acid (DCAA) and
trichloroacetic acid (TCAA) – with each component at
2000 mg L1 in methyl tert-butyl ether, and the ‘EPA 521
Nitrosamine Mix,’ containing N-nitrosodimethylamine
(NDMA), N-nitrosodibutylamine (NDBA), N-nitrosodi-n-propyl-
amine (NDPA), N-nitrosomethylethylamine (NMEA), N-nitro-
sodiethylamine (NDEA), 1-nitrosopyrrolidine (NPYR) and
1-nitrosopiperidine (NPIP). Each component in the latter was
present at a concentration of 2000 mg L1 in dichloromethane.
The solvents used for liquid chromatography were methanol
and acetic acid and were purchased from Sigma-Aldrich.2.2. Standard solutions
All standard solutions were prepared the day before, or on the
day of, use and stored in glass vials wrapped in aluminium foil
at 4 C prior to analysis. Working standards were prepared in
a water : methanol mix (9 : 1 ratio) at concentrations ranging
from 0.01–1000 parts per billion (mg L1), from a primary stock
solution prepared in the same solvent.
Standards prepared directly in Milli-Q water were tested
alongside those prepared in the water : methanol mix to assess
potential signal suppression from diﬀering solvents but no
impact was observed. The water : methanol mix was therefore
used for all experiments so as to match the LC mobile phase
used.Anal. MethodsInitial tests used the individual class mixes to optimise and
develop the analytical method. Primary stock solutions were
then made using combined dilutions of the singular mixes to
create complete analytical standards containing all the
compounds of interest. Calibration curves were then prepared
from the standard mixes containing all 13 analytes.
2.3 Sample collection and treatment
Recycled water collected from a treatment plant in Melbourne
Australia, as per Alexandrou et al.11 was used to trial the method
on real samples. The samples contained no/little sediment and
ltration may have caused loss of the compounds of interest.
Therefore, the only sample pre-treatment was a short allowance
of time (5 minutes) for sedimentation of suspended solids.
During method development all samples were inspected and
approved by an instrument technician prior to injection and the
system was monitored for adverse eﬀects from potential
particulate matter throughout the analysis. No indication of
blockages or problems with the instrument were detected at any
point and so sedimentation without ltration was deemed
adequate for the study (though it could easily be added in future
if desired).
Aer the sedimentation step the samples were aliquoted into
sample vials for analysis. Following calibration the real world
samples, both neat and spiked, were analysed consecutively,
with a solvent blank run aer every 24 samples to determine if
there were any blockages in the transfer line and to check for
residual contamination.
No quenching agent was used for this analysis. Ascorbic acid
or sodium sulphite can be used for the quenching of residual
chlorine in some cases.18 However, in this study the aim was the
fast, direct analysis of the nal sources of recycled waters (e.g.
tap water and metropolitan fountains). It was therefore felt
important to conduct the analysis with minimal modication of
the sample so as to get as accurate a reading of what people
would be exposed to if they came into contact with the water
samples under test. In addition, the distribution system that
these samples were from contains residual agents only to the
extend needed to account for the waters residence time within
the pipe network. There were no residual disinfecting agents at
the point of use so they were of little consequence to this
analysis.
2.4. Analytical methods
All analyses were performed on a Nexera X2 LC system con-
sisting of two LC-30AD pumps, SIL-30AC autosampler, CTO-30A
column oven and CBM-20A system controller (Shimadzu
Corporation, Kyoto, Japan) coupled with an LCMS-8060 triple
quadrupole system (Shimadzu).
Chromatographic separation was carried out at ambient
temperature using a Raptor™ ARC-18, 2.7 mm, 10  2.1 mm
supercially porous column (Restek, Bellefonte, USA). The
mobile phase consisted of Milli Q water (solvent A) and meth-
anol (solvent B), both with 0.1% acetic acid. Elution was per-
formed with the gradient program: 0–1 min at 2% B, increased
to 85% B by 4.2 min, maintained till 4.8 min, decreased to 2% BThis journal is © The Royal Society of Chemistry 2019
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View Article Onlineby 4.9 min, maintained until the end of the analysis. Total
separation time was 5.6 min, with a constant ow rate of 0.4
mL min1 and an injection volume of 1 mL.
Mass spectra (MS) were obtained using both positive and
negative ionization in multiple reaction monitoring (MRM)
mode with argon as the collision gas. Sample ionization was
performed in negative ion mode for 2.10 min and then switched
to positive ionization mode for the remainder of the analysis.
The MS operating parameters were as follows: desolvation
temperature 250 C; heat block temperature 400 C; interface
temperature 300 C; nebulizer gas ow rate 2.00 L min1;
heating gas ow rate 10.00 L min1 and drying gas ow rate
10.00 L min1. The probe voltage was set automatically by the
soware controlling the instrument during method develop-
ment and was plus or minus 3.5 kV (depending on whether
positive or negative ionisation was used).
For the optimization steps of the method, the rst step was
to check the MRM windows to determine the optimal parame-
ters for the analysis of the target compounds. Shimadzu's
LabSolutions soware (version 5.91, Shimadzu Corp., Kyoto,
Japan) was used for this purpose. To determine the parameters
using the in-built soware, the column was removed andTable 1 Optimised multiple reaction monitoring for 11 target analytes
Analyte Polarity
MRM window (mins)
Precursor
m/z
P
mStart time End time
MCAA Negative 0.312 1.512 93
93
DCAA Negative 0.462 1.662 127
127
127
MBAA Negative 0.500 1.700 137
137
BCAA Negative 0.599 1.799 173 1
173
173
DBAA Negative 0.811 2.011 217 1
217
217
NMEA Positive 2.247 3.447 89
89
89
89
NPYR Positive 2.377 3.577 101
101
101
NDEA Positive 2.921 4.121 103
103
103
NPIP Positive 3.149 4.349 115
115
115
NDPA Positive 3.780 4.980 131
131
131
NDBA Positive 4.318 5.518 159.1
159.1
159.1 1
159.1
This journal is © The Royal Society of Chemistry 2019replaced with a pseudo column (no stationary phase) to reduce
analysis time. Each optimization scan was completed for one
analyte at a time meaning no separation was required. At this
stage, the compounds were in mixed standards (HAAs in one
and nitrosamines another) so each scan required the input of
the nominal precursor ion. This was based on knownmolecular
weights, allowing for error in the 3rd decimal place of the mass.
Initial runs were completed at default collisions energies and
dwell times, to determine 2–3 potential product ions, once
again allowing for error in the 3rd decimal place. Aer the
transitions had been selected, the optimization soware was
set-up to optimize the dwell time and collision energies. To
complete these scans, each analyte was allocated an individual
run, and the soware ran through diﬀerent collision energies
(in increments of 1 V) and dwell times (increments of 5 s) and
determined the best combinations. The overall method (see
Table 1) was then compiled with the real column in place to
optimize the separation of target analytes.
Having the MRM data in place before optimization of the
separation method was undertaken removed the need for
complete peak separation in the total ion chromatogram (TIC).
Utilising the overall TIC for each analyte, the soware was able toroduct
/z Dwell time Q1 pre bias
Collision
energy Q3 pre bias
34.95 10 20 12 8
48.95 10 16 21 14
82.95 10 12 12 6
35.00 10 12 22 36
79.00 10 12 25 80
78.90 10 14 13 6
93.00 10 18 20 4
28.90 10 11 13 10
80.95 10 11 22 10
78.90 10 11 23 10
72.80 10 14 12 15
78.90 10 14 30 10
80.90 10 14 29 10
61.10 10 16 14 24
27.10 10 18 15 18
27.10 10 14 30 30
29.10 10 16 18 32
60.10 10 16 9 24
55.15 10 18 16 22
43.10 10 16 23 18
75.15 10 18 13 18
62.15 10 16 9 12
61.10 10 14 9 24
42.10 10 18 11 16
41.10 10 16 21 18
69.10 10 18 16 14
89.20 10 18 12 18
43.10 10 18 13 18
41.15 10 18 18 18
57.15 10 26 13 24
41.15 10 28 18 18
03.15 10 10 12 22
39.15 10 10 40 16
Anal. Methods
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Fig. 1 Example MRM data for NDPA at 3 diﬀerent concentrations (0.1, 0.5 and 1 mg L1), showing the intensity for the 3 selected reactions and the
ﬁnal representative peak shown in the TIC plot for the sample run. The reactions are shown by the ion transitions from precursor ion to product
ion (precursor > product) as reported by the instrument optimisation software.
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View Article Onlinedeconvolute peaks using the MRM data. The deconvoluted peaks
were the sum of the peak intensities taken from the TICs of each
target analyte's respective transitions, this is illustrated in Fig. 1.
The use of MRM was chosen in this study due to its ability to
distinguish between overlapping analyte peaks, allowing shorter
run times and increased sensitivity. Similar to Selected-Ion
Monitoring (SIM), MRM improves the clarity of the chromato-
gram, reducing overall noise by only collecting data for the
selected ions. MRM diﬀers to SIM as it observes the reactions
from product to precursor ions rather than just one ion. This
allows similar analytes to overlap in the chromatogram and still
be diﬀerentiated from each other, even when precursor ions are of
the same mass. This is very useful for compounds such as halo-
acetic acids where each compound has the same basic structure,
diﬀering only by the number and type of halogens present.3. Results and discussion
3.1 Method development
For the initial testing of analytes, no prior methods were fol-
lowed. Standards were directly passed into the MS for the
purpose of determining parent and fragment ions. The result-
ing ions were compared to standard masses for the analytes viaFig. 2 Zoomed in sections of total ion chromatogram, left side – negativ
where nitrosamines eluted.
Anal. Methodslibrary matching before optimisation runs were undertaken. No
matrix eﬀects were observed using standards prepared using
a range of diﬀerent solvents, including the spiked environ-
mental matrices.
For the method development, standards were prepared at
concentrations of 1 ppm, using single class mixes and passed
directly from the LC into the MS. As expected, the haloacetic
acids required negative ionisation and the nitrosamines
required positive mode. While the ultimate intent was to
develop a method that could analyse multiple compounds, of
signicantly diﬀerent make-up in the same run, at this stage
of testing the runtime was seconds and therefore positive/
negative switching was not possible and standards of each
compound had to be run individually. Once all possible
analytes had been found however, it was possible to scan for
them all in one run. LC separation, and deconvolution using
MRM windows allowed for a dramatically reduced runtime of
only 5.6 minutes for the elution of 11 of the desired 13 ana-
lytes. A sample of the resulting chromatogram can be seen in
Fig. 2.
The remaining two compounds (NDMA and TCAA), were too
small for adequate detection using fragment ions. NDMA
(Molar mass: 74.08 g mol1) was unable to be diﬀerentiatede mode where haloacetic acids eluted, and right side – positive mode
This journal is © The Royal Society of Chemistry 2019
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View Article Onlinefrom background noise/competing fragment ions and TCAA
(Molar mass: 163.38 g mol1) completely broke down under the
all collision energies tested.Fig. 3 Initial calibration plots for the 11 target analytes. All standards con
This journal is © The Royal Society of Chemistry 20193.2 MRM
Aer the initial method development stages were complete the
MRMwindows were able to be determined and optimised for 11tained all target analytes and were run in triplicate.
Anal. Methods
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View Article Onlineanalytes. The calculated windows and precursor ions are shown
in Table 1.
For the MRMwindows, the aim was to achieve a minimum of
two product ions to allow adequate conrmation of the target
compound. Since NDMA and TCAA were unstable in the MS
system it was not possible to achieve more than one viable
product ion and so these compounds were not studied further.
For the all tested standards the MRM data was plotted to
ensure that each product ion was producing a visible peak
outside of the background noise. It was possible to see all of the
analytes (bar NDMA and TCAA) in a single run using the above
MRM data. Please see Fig. 2 for a sample chromatogram
showing the respective ion peaks.
3.3 Analyte calibration and estimation of LOD
An estimation of the limit of detection was achieved through
standard calibration curves, using the MRM data of the product
ions. For the standard calibration, solutions were prepared
between 0.01 and 1 mg L1, with a solvent blank at 0 mg L1 (NB:
optimization of MRMs was completed on standards between 1
and 1000 mg L1). The calibration plots are shown in Fig. 3.
Although the standard ranges tested began at 0.01 mg L1 back-
ground noise at the lower concentration level meant that some
calibration standards had to be omitted from the nal calibration.
All calibrations shown in Fig. 3 only contain data where the peaks
for each compound could clearly be diﬀerentiated from noise. All
analytes were combined in the standards, so all results obtained
involved a positive–negative switch within the individual runs.
The LODs were calculated as 3-times the background noise
and range from 0.075–0.1 mg L1 for the 6 analysed nitrosa-
mines, and between 0.05–0.1 mg L1 for the 5 haloacetic acids
(see Fig. 3). Previous methods achieved only low mg L1
detection limits, and were unable to determine multiple
compound classes with a single method or run. The method
outlined here drastically reduced the separation time for both
groups and improved the detection limits from low ppm to
low ppb levels, additionally it allows the simultaneous analysis
of both groups of compounds rather than separate analysis for
each group (e.g. nitrosamines via GC-MS and HAAs via LC-MS).
3.4 N-Nitrosodimethylamine and trichloroacetic acid
Of the 13 target analytes NDMA and TCAA were unable to be
analysed using this method. This is because they are unable to
be analysed by MS in general. In the case of NDMA the lack of
detection viaMS can be attributed to its size (74.08 amu), which
limits potential fragmentation. Due to the make-up of the
nitrosamines their fragmentation is relatively similar, therefore
any fragments from molecules in this group tend to overlap
with each other. This meant that only one product ion was
determined when running optimisation scans, and this was of
low intensity and hard to distinguish from noise. For TCAA, two
product ions were determined but these were not found to be
reproducible between successive runs. This can be attributed to
the fact that TCAA and the haloacetic acids as a whole are
readily broken down even at the minimum voltage needed to
provide the necessary collision energy.Anal. Methods3.5 Real world applications
Real-world samples were analysed as both pristine and spiked
samples. For the sake of this study pristine implies the samples
were untouched and untreated aer collection, and aliquoted
directly from the sample vessel. When running real world
samples, the instrument was monitored for blockages or
adverse eﬀects that may arise due to soluble salts or other
potentially harmful matrix components present in the source
water. No problems were found in the instrumental output, and
no faults were observed during the testing, either from this
study or from other users of the instrument.
Samples of Class C water yielded negligible concentrations
of all analytes. This was to be expected as Class C water does not
undergo disinfection. Class A water, which had undergone all
treatment processes, including chemical disinfection, showed
the presence of both nitrosamines and haloacetic acids, with
positive results obtained for NDEA, NPYR, NPIP, NDPA, NDBA,
DCAA, BCAA and DBAA. Levels of these compounds did not
exceed regulatory limits in Australia.
For the spiked sample runs, a range of concentrations were
used to spike both the Class A and Class C water samples. The
concentrations used were between 0.25–1 mg L1 (for a total of
69 real world sample runs – 9 pristine and 14 spiked per
sample type). For the spiked samples, recoveries were
observed to be above 75% for 5 of the analytes (NDEA 80.43%,
NPYR 92.35%, NDPA 86.64%, NDBA 89.22% and DBAA
76.12%). The remaining analytes had recoveries below 75%
(NPIP 68.65%, NMEA 63.99%, MCAA 22.12%, MBAA 53.1%,
DCAA 53.38% and BCAA 57.22%). The results show that there
is potential for the method to be applied to real world samples
as a rapid test for the presence of nitrosamines and HAAs in
treated waters.4. Conclusions
The method presented here signicantly speeds up the anal-
ysis time for DBPs and removes the need for extraction or pre-
concentration steps. Typically, extraction can take hours to
complete, requiring high sample throughput (litres) to achieve
small nal samples (millilitres). Our method requires
approximately 5 min of sample preparation per sample before
the 5.6 min runtime for each sample. The method shows
potential to alter the way some DBPs are analysed. The results
indicate that diﬀerent compound classes can be analysed for
in a single, short run, while maintaining adequate diﬀerenti-
ation between compounds, and regulatory relevant detection
limits; all without the need for lengthy sample pretreatment or
sample clean-up. This method could be applied as a fast
assessment of samples potentially containing haloacetic acids
and/or nitrosamines, allowing a determination of a positive or
negative result in less than 10 min from sample injection to
result.Conﬂicts of interest
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Chapter 7 Discussion, conclusion and future recommendations 
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7. Discussion of project outcomes 
When determining the project and research questions, various compound types were reviewed to determine relevance in recycled waters. The study of pharmaceuticals 1, illicit drugs 2 and endocrine disrupting compounds 3 are all well studied and continue to have high demand. Due to these being heavily studied, this project focused on another known contaminant that is monitored, but not studied as often in recycled waters, which is disinfection by-products (DBPs). Over 600 compounds are currently identified 4 as DBPs, however the studies that follow them are generally aimed at drinking water sources. Drinking water is the greater cause for concern due to the human contact associated with drinking water, compared to the non-existent or extremely limited potential for contact with recycled waters. However, as Australia moves towards a more sustainable future, the need for alternative water sources is of great importance. Therefore, an understanding of DBPs in recycled water is necessary.  
The major aims of the project were to analyse and study nominal DBPs in both drinking and recycled waters. It began with validated existing methods of analyses and improving these to keep up-to-date with newer technologies. This was achieved by looking at speeding up the preparation and analysis methods where possible, without reducing the reliability or robustness of validated methods. As many of the widely used validated methods are greater than 10 years old 5, instrumental advancements were also of note for some improvements on analysis.  
Although not all are mentioned within the previous chapters, a wide range of techniques and instrumentation were tested during the early stages of method development. Different extraction methods were trialled, such as: liquid-liquid extraction, solid phase 
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extraction (SPE), solid phase micro extraction (new technique, first published method for it’s use is shown in Chapter 4) and headspace extractions. Instrumentation trialled included: Gas chromatography (GC) with either mass spectrometry or micro electron capture detection (µ-ECD), high performance liquid chromatography (HPLC) with mass spectrometry (MS), direct sample analysis with mass spectrometry detection, ion chromatography with digital conductivity detection and capillary electrophoresis (CE) with diode array detection (DAD).  
Below is a brief summary of each chapter followed by conclusions drawn from the results of this project and future recommendations. 
 
7.1. Analysis of literature 
Through reading numerous publications covering method development, occurrence studies, toxicological studies, formation pathways and mass balances, it was clear that there is a disparity between studying drinking water and recycled waters. For every publication on recycled water, there were several drinking water studies. Similarly, finding reported occurrence data from water companies was relatively easy for drinking water, but near impossible for recycled waters. Simply put, there is just no push for this information, mostly due to the lack of regulations for recycled waters. In most cases, drinking water regulations are applied to recycled waters, however rarely enforced, with limits set only for biological components due to the potential environmental distribution. Densely populated countries, such as USA, Singapore, England and Belgium have already started using recycled waters to augment drinking water supplies 6. Augmentation is not new, but still, studying recycled water taken a backseat to the continued study of drinking 
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waters. Making the study of recycled interesting and of note, as there is still much to understand.  
Following on from all this, there is a notable need for a wider range of compounds to be regulated. Of the 600+ compounds, only 14 compounds are currently regulated (only 11 in some cases) 4, half of this list comprised of only 2 DBP groups (trihalomethanes (THMs) and haloacetic acids (HAAs)). The most recent addition of N-nitrosodimethylamine (NDMA), has shown that regulations are being updated, however the intermittent addition of a compound doesn’t aid in covering the bigger picture of DBP presence, especially as the common trend shows a new ‘flavour of the month’ compound group every few years. With the ever-changing techniques for water treatment, particularly that of recycled waters with much more complex source material, more compounds should be assessed for adverse effects and have regulations determined.  
For my studies, I selected a range of regulated DBPs, improving on available methods by reducing the total analysis time, with a focus on recycled waters because of the gap in occurrence information. Without a foothold for recycled waters present, it is beneficial to start with what is commonly observed for similar but different sources. Through simply analysing previous studies in both drinking waters and recycled waters, where information was available, it was clear that recycled waters had higher concentrations of DBPs present. In the occurrence studies I completed, this was also the case, but by a lesser margin due to Australia’s stricter control on recycled water grading. Once occurrence for a wider range of compounds is known in recycled waters, formation pathways can be studied in greater detail so that disinfection techniques can be adequately assessed to reduce DBP formation potentials. 
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As an output of the analysis of available literature on DBPs, a literature review 4 and book chapter 7 have been published.   
 
7.2. Developed methods 
7.2.1. Micro solid phase extraction 
In previous work, the use of SPE was used to analyse trihalomethanes, at the time this method was found to be inadequate for the extraction, with large losses in analyte and extensive labour for minimal sample throughput 8. While testing alternate methods to study trihalomethanes in recycled waters, micro solid phase extraction cartridges were released and brought with them an opportunity to compare another alternate method. From the outlook, the benefits of micro SPE included, low sample volume requirements, minimal extraction times, minimal sample preparation and being a closed system, reduced chance of loss due to volatilisation. Where previous methods were taking hours to extract, micro SPE brought the extraction time down to mere minutes.  
The method developed used a simplified GC run, allowing total elution of trihalomethanes in under 6 mins, which was already an improvement on validated methods available. Coupled with the micro SPE all aspects from sample treatment to analysis were drastically reduced, meanwhile sample recoveries were improved significantly compared to traditional methods. From sample to final analysis output, a single sample required only 7 mins, while a previous trialled method required approximately 5 hrs per samples (some overlap as multiple extractions could be performed at once). The sample required for extraction was reduced from 2 L down to 100 µL, organic solvent also 
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reduced significantly, used for conditioning and final elution of analytes from the sorbent. Finally, the cartridge itself was reusable with cleaning between each sample, whereas typical SPE cartridges are single use only. While steering method development towards greener techniques and reducing overall time for analyses, the use of micro SPE ticked all boxes, and can extract the desired analytes from recycled waters with minimal filtration prior to extraction. A viable alternative to other methods available currently. 
The results of the study on micro SPE cartridges were published in 2015 9. The micro cartridges were also applied to haloacetic acids, the results of which are shown in the Appendix.  
 
7.2.2. Direct Headspace Injection Analysis  
There are multiple headspace techniques, most commonly solid phase micro extraction (SPME) is the headspace technique of choice for volatiles. However, SPME requires the selection of a sorbent that is suitable for desired analytes, becoming highly specific for component analysis. Using the direct headspace method outlined in Chapter 5, it was possible to achieve low detection limits of the desired analytes, thereby providing a glimpse at other potential components present through just the volatilisation into the headspace. Through the use of this method, it was possible to complete a survey of drinking waters and various recycled waters, all with the sole preparation step of aliquoting a sample into a vial.  
Through the development of this method, various compounds were trialled to be added to the suite and while some were detected, they were ultimately left out of the results due to not being detected in the water samples tested. Likewise, others were omitted due to 
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evidence of degradation of standards at tested concentrations, forming other desired analytes in the process and giving false positives when calibrating the method. In practice, these compounds found to be degrading were not present in high enough concentrations to provide more than a negligible increase in the desired analyte responses. Although the extraction required a greater time than that of the micro SPE method, this process was automated and deemed necessary to adequately volatilise the sample. The removal of sample preparation meant that even with an extended extraction time, the total analysis time still enabled a rapid analysis of a given water sample.  
Although headspace techniques are not new in the field of DBP research, with SPME and similarly Purge and Trap methods readily available in a range of publications, the equipment required is highly specialised so not fully accessible. With the majority of common DBPs being highly volatile, the use of direct headspace has the potential to be used for many more compounds than outlined in Chapter 5, provided conditions are adjusted to suit. With little consumable waste (main waste source being the water samples), due to reusability of the septa and glassware with cleaning. 
The results of the study of direct headspace injection were published in 2017 10. 
  
7.2.3. Positive-Negative switching with High-Performance 
Liquid Chromatography 
As instruments are improved over time, some of the smaller features are significantly changed between successive instrument models. One such aspect for an instrument used was the rate of positive-negative switching. We were given the opportunity to use a state-of-art HPLC that showcased a positive-negative ionization switch rate of 15 msec. This 
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gave us the opportunity to attempt running HAAs and nitrosamines together in a standard mix. These two compound classes are significantly different, hence always run on separate methods prior. The final method itself ended up not requiring continual switching due the to the separation between the two classes of compounds, however we were able to utilise the continuous switching while preparing the initial MS parameters without the presence of a separatory column. Coupling the ionization changes with multi-reaction monitoring (MRM) to further enhance the selectivity of the MS for the desired components.  
For this method, we selected the HAAs and nitrosamines (6 HAAs and 7 nitrosamines) due to having issues analysing for these with other trialled methods. In the case of HAAs 
11, for GC analysis the use of an unreliable acidic methanol derivatization is most commonly employed , which leads to poor sensitivity and even the production of THMs from the breakdown of HAAs. Similarly, with nitrosamines, although they did not need derivatisation steps, the detection limits observed via GC were low parts per million, with regulatory limits at ng/L, hence low parts per million just wasn’t viable, even when performing large pre-concentration steps. Running these compounds via LC, was an instant step up from previous methods, achieving significantly lower detection limits (parts per trillion) for all the detected compounds, of which 11 were readily detectable. Additionally, all this was achieved with minimal sample preparation (small time allowed for sedimentation) and a separation time of only 5.6 mins, making this method a rapid alternative to validated methods. Hence, this provides an easy method of screening samples to determine the presence of regulated species and provide the concentration of these compounds present, if above detection limit.  
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The analysis method developed for the analysis of HAAs and nitrosamines was published in 2019 12. 
7.3. Final Conclusion 
The three methods presented in this thesis, are all viable alternatives to those that are currently used worldwide. These methods improved and enhanced readily available methods, with a focus on reducing preparation time, analysis time and overall waste. Two of the methods significantly reduced the sample preparation to a mere two step process. Furthermore, separation times were reduced with instrument advancements, ensuring the rapid elution of target analytes without losing sensitivity. Refer to Table 2 for a comparison of developed methods with similar standard methods. With all the methods, real world samples of both potable and non-potable sources from across the state of Victoria, Australia were used for analysis, thereby building a broad occurrence survey across Victoria for the quantified compounds. The results of this data are displayed in their respective chapters.  
While the methods have not been fully validated, with the detection limits achieved, particularly with the direct headspace analysis and HPLC-MS, there is potential for further optimisation and validation for rapid analyses of neat samples. There is also the possibility of the addition of more compound classes to the overall compound set for both methods. From an environmental perspective, with the reduction and mitigation of sample preparation, solvent waste and consumable use, these methods are also significantly greener than the readily available validated methods that are preferred by water companies.  
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Table 2. Summary of parameters of developed methods against similar standard methods. 
Method Analysis time Preparation 
time 
DBP class 
analysed 
Total 
analytes 
LODs Water type 
Developed methods Micro Solid-Phase Extraction 9 8 mins ~3 mins/sample THMs 4 0.09-0.17 ppb Drinking and recycled Direct headspace Injection w/ GC-µECD 10 6 mins (separation) 30 mins (incubation) 
2 mins/sample THMs 4 0.09-0.17 ppb Drinking and recycled 
Positive-negative switching via LC-MS 12 5.6 mins N/A HAAs and Nitrosamines 11 0.05-0.1 ppb Drinking and recycled 
Other methods EPA method 501.2 13 10-40 mins 10-50mins/sample THMs 4 N/A Drinking and recycled Headspace-SPME 14 30 mins (separation) 30mins (incubation) 
2 mins/sample THMs 4 0.005-0.01 ppb Drinking 
EPA method 552.2 15 ~50 mins ~30 mins/sample HAAs 9 0.2-1.5 ppb Drinking EPA method 521 16 ~15 mins ~60 mins/sample Nitrosamines 3 0.15-0.81 ppb 
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7.4. Future Recommendations 
Given the impending need for more sustainable water sources, it is recommended that studies should have a greater focus on recycled waters. Refinement of regulatory limits is of great importance moving forward, increasing list as needed and assigning limits to recycled waters. To achieve a greater understanding of DBPs, it is advisable to improve analysis methods to improve available occurrence data before finally studying formation potentials.  
The majority of known DBPs are found at negligible concentrations in potable water, therefore have little to no consequence on the overall quality of drinking water that is distributed. As DBPs are shown to occur at higher concentrations in recycled water it is imperative that they are understood more in recycled water so that further research can go into indirect potable reuse, or potentially even direct potable reuse, if guidelines for this can be made. Following on from that, there is a demand for more research into the toxicological affects of a wider range of occurring DBPs so that more than 14 can be regulated, especially as the list of commonly occurring DBPs is more than double that number.  
To complete occurrence studies for the refinement of regulatory limits, methods must be advanced to meet modern techniques. As explained in previous chapters, some validated or preferred methods are outdated, slow and require extensive sample treatment and clean-up before analysis. In a time where speed is everything, rapid methods should be used and with instrumental advancements are more than possible, as shown in this thesis. The methods described here are a step forward to overall of rapid and environmentally friendly methods for DBP analysis. However, these methods need to be improved to cover 
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a wider range of DBPs, more than just focussing on those that are already regulated. All commonly occurring compounds should have relevant occurrence data available, however this will only be achievable through modern methodologies.  
With regards to the formation pathways, although these are a logical step from occurrence studies, the study of these are not deemed to be of high priority. Understanding the formation pathways may aid in formulating altered treatment methods, however trends show that changing treatment only allows the formation of different compounds. It would be better to focus on regulating those that are currently occurring, than to mitigate them through using different methods while forming other potentially toxic DBPs in the process. The formation pathway can also be tied into research focussing on influent, as much research is also completed on pharmaceuticals in recycled waters. Breakdown of these and formation of DBPs can then be completed on a much greater scale as secondary output to alternative research.  
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Appendix Unpublished manuscript – Application note presented to Perkin Elmer for the use of direct sample analysis  
Rapid screening and identification of haloacetic acids using direct 
sample analysis and time-of-flight mass spectroscopy 
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Rapid screening and identification of haloacetic acids 
using direct sample analysis with time-of-flight mass 
spectroscopy. 
Introduction Disinfection by-products have been a common concern for water companies ever since their discovery in treated water sources. With many of these compounds readily forming in drinking water and many sources of recycled waters where chemical disinfection is prevalent. Due to the nature of the disinfection process, disinfection by-products are generally halogenated, being formed by reactions between natural organic matter and the free chlorine that is added through the disinfection process1. Of these compounds a common observed group is that of the haloacetic acids.  Commonly the HAAs are measured as a sum concentration, referred to as HAA9, inclusive of nine common haloacetic acids; monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), monobromoacetic acid (MBAA), dibromoacetic acid (DBAA), bromochloroacetic acid (BCAA), bromodichloroacetic acid (BDCAA), dibromochloroacetic acid (DBCAA) and tribromoacetic acid (TBAA) 2.  
When analysing for haloacetic acids, the common methods applied are via the use of GC-MS3, LC-MS4 and IC-MS5.  However these methods have drawbacks which lead to limitations in their use for environmental samples arising from the need for often lengthy sample preparation to clean up matrix, along with inadequate or poor detection limits. In regards to GC analysis, the sample preparation involves a derivatization step, that has been observed to yield false positive results for other readily occurring disinfection by-products in method trials, thus reducing the overall signal response for the desired analytes, leading to poor detection limits. This is much the same case for LC-
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MS and IC-MS (as well as GC), which both require heavy sample preparation in the form of sample extraction, cleaning up the sample matrix whilst also pre-concentrating any samples to a detectable range. With major limitations arising from poor efficiencies in regards to the sample extractions, due to the large volumes of samples that are used for these steps; more so for IC methods due to its lower sensitivity and thus requirement of higher sample concentrations for accurate quantification6.  
To achieve a novel method for the screening of samples for haloacetic acids, the use of DSA enables a completely new way to test for these compounds. The technique allowing direct trace analysis at a greatly reduced analysis time and volume. Coupling this technique with the typical sample preparation there is also the possibility for the quantification of analytes in an array of sample matrices. Initial method development has allowed forthe rapid screening of 6 haloacetic acids in one sample, with future outlook showing evidence that the method can be refined to improve detection limits for the tested analytes. Providing potential applications into the analysis of other pollutants and unwanted by-products during the treatment of water.  
Experimental 
Sample Preparation Haloacetic acid samples were prepared using purchased standards from Sigma-Aldrich (2000µg/mL each component in MTBE; monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), monobromoacetic acid (MBAA), dibromoacetic acid (DBAA) and bromochloroacetic acid (BCAA). The standards were 
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prepared as spiked solutions in methanol and/or milli-Q water, applying 10µL of the standard onto the mesh grid before analysis.  
AxION DSA/TOF MS Instrumentation The AxION DSA conditions used were as follows: corona current of 7µA, APCI heater temperature of 350°C. The AxION TOF MS conditions used were as follows: negative ionization mode with a flight tube voltage of 10000V, capillary exit voltage of -80V. Mass spectra were acquired with a mass range of 80-700m/z. For mass accuracy lock mass ions of 119.0363m/z and 316.0138m/z were used. All samples analysed for 40sec. 
For a full list of instrumental conditions refer to Table 1. 
Table 1. DSA/TOF MS Conditions. 
Method Parameters Optics Acq. Function: Pulse DAU Ion Transport Lenses Ion Guide Low m/z: 80 Detector: 3000 V Capillary Exit: -80 V RF Voltage: 500 High m/z: 700 Offset: 2.210 V Skimmer: -25 V Offset Voltage: -12.5 Ion Polarity: Negative Acquisition Rate: 1 GHz Optics/Flight Tube 
Ion Source  Ion Guide Interference 
Optics Flight Tube Corona: 7.0µA Drying gas flow: 3.0L/m Lens 1 Trap: -30.2 V Pulse Lens Volts: -650.0 Endplate: 200V Drying Gas Heater: 25°C Lens 1 Eject: 1.0 V Pulse Lens 1 Bias: -0.245 Capillary Entrance: 800V Nebulizer Gas: 80 PSI Lens 2: 60 v Pulse Lens 3 Bias: -1.0 Endplate Heater: Off Auxillary Gas: 3.5L/m Lens 3: 60 V Flight Tube: 10000 V APCI Heater: 350°C Lens 4: 55 V Reflection: -2265.0 V Low m/z: 80 Diverter Valve: Load Search Span: 50 mmu Detector: 3000 V High m/z: 400 Calibration Vial: Off Lockmasses: 119.0363, 316.0138 
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Results Haloacetic acid standards were analysed by the AxION DSA/TOF, scanning for the [M-H]- ion, where a reduced capillary exit voltage was used to reduce fragmentation so that only the parent ion would be present for each component. The common fragment ions for the target analytes were in the form of [M-COOH]-, causing spectral peaks to appear near other target components (approximately 0.04m/z from most target analytes).  An example of the obtained mass spectra can be seen in Figure 1, while Figure 2 shows a close-up of the isotopic ratios observed for the target analytes. The mass errors for the [M-H]- ions are shown in Table 2, where the errors increased the further they were from the lock masses used.  
The standards ran were mainly present as spiked methanol standards accounting for typical sample preparation and extraction completed on water samples. Environmental samples are generally unclean and thus require a clean-up step coupled with a pre-concentration in the form of an extraction, allowing greater resolution in analysed samples. The spiked standards ran were at concentrations of 10ppm each component, where as low as 1ppm each analyte was tested. Though standards at 1ppm held very low or no resolution for the target analytes when using spiked methanol standards.   
Following the use of methanol standards, to determine the parameters of suitable extraction techniques for future analysis, the solvent used was varied, preparing spiked standards in methanol, milli-Q water, 50:50 Methanol:milli-Q water and Environmental water samples (believed to be Class A; sampled from a nearby water fountain). At 10ppm the resolution of the peaks varied in the different solvents, with water samples allowing for an overall increase in the dihalogenated species, though saw a near complete reduction of trichloroacetic acid; an overall reduction greater for the 
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brominated species over the chlorinated species.  Many of the species yielding a maximum resolution in the 50:50 Methanol: Milli-Q water mix, which is shown in Figure 
3. Although not shown, the Total Ion chromatograms for the tested spiked standards didvary based on the solvents used, showing shifts in the elution time along with reductions in the peaks amplitude. This causing the need for a longer analysis time to ensure the sample had fully ionized.  
For future optimisation, along with continuation of development, there is a definite need for more suitable lockmasses to be used, allowing the application of trap analysis to lower the detection limits to more realistic concentrations for environmental analysis. Applying this with the AxION Solo software also allows a fast scan method for the target analytes in environmental samples, though a greater mass accuracy is needed before using this software for real world application.  
 Figure 1. Mass Spectra of spiked sample in methanol. 
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Figure 2. Spectral range of 6 target analytes.  
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Table 2. Summary of target analytes with mass error. Observed masses are averages of 13 samples at 10ppm of each component. 
Compound Abbrev. 
Theoretical 
Mass 
Observed 
Mass 
ppm 
Error 
Structure 
Chloroacetic acid MCAA 92.9743 92.9746 -3.6   
Dichloroacetic acid DCAA 126.9353 126.9343 7.8   
Bromoacetic acid MBAA 136.9237 136.9228 6.3   
Trichloroacetic acid TCAA 160.8963 160.8961 1   
Bromochloroacetic acid BCAA 170.8848 170.8864 -9.2   
Dibromoacetic acid DBAA 214.8342 214.8351 -4.3    
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Figure 3. Spectral amplitude for the parent ions of the 6 haloacetic acids in multiple spike standards (10ppm). Errors show the standard error for the sample runs. 
 
Conclusion This study shows the first work for rapid screening of haloacetic acids using DSA/TOF-MS. The data has shown that the method can rapidly resolve and screen spiked samples for the presence of 6 haloacetic acids in a single run in various solvents. The mass accuracy of all measurements was less than 10 ppm with external calibration. In comparison to other established techniques such as LC/MS and GC/ MS, DSA/TOF-MS will improve laboratory productivity and decrease operating costs and analysis time. With future optimisation of the above method, the screening will be applicable to extracted samples of drinking and recycled waters with high precision and accuracy. 
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